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The use of ultraviolet germicidal irradiation (UVGI) for cooling coil cleaning is 
growing rapidly. Although there are anecdotal reports of its energy saving 
potential, very few peer-reviewed studies have investigated its effectiveness in 
year-round hot and humid climates. This study, therefore, aims to examine the 
impacts of UVGI on coil energy performance, its disinfection performance, and 
its economic feasibility in a year-round hot and humid climate. 
Two real-world cooling coils (one working in a laboratory building; the other 
working in a library building) with visible fouling and complaints from 
occupants were selected for this study. The Laboratory Coil, operating in a 
variable air volume (VAV) air handling unit (AHU) with variable fan speed, 
revealed 11.6-14.6% reduction in the air-side pressure drop and 11.8-20.1% 
increase in the air-side heat transfer coefficient (8.8-10.2% increase in the 
overall UA) over the face velocity range of 1.5-3.0 m/s, which translated into 
approximately 9.1% reduction in fan energy and 3.3-3.8% increase in total 
cooling capacity, respectively. The improvement in coil energy performance 
also resulted in 8.0-11.9% reduction in chilled water flow rate and 0.4-0.6 °C 
increase in water-side temperature difference when maintaining the same 
supply air temperature in a VAV system. The Library Coil, operating in a VAV 
AHU with fixed fan speed, demonstrated a 20.4% increase in the air flow rate. 
Heat transfer analysis was not conducted for the Library Coil because it is an 
oversized coil operating outside of normal conditions which have little 
relevance to the evaluation of typical coil heat transfer performance.  
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Both coils demonstrated the ability of coil irradiation systems to not only 
disinfect coil surfaces and condensate water, but also maintain their cleanliness. 
In addition, coil irradiation systems appeared to reduce concentrations of 
airborne bacteria in supply air, though discrepancy and inconsistency existed 
throughout the study and more rigorous measurements are required to further 
validate this observation.  
After applying the experimental results of the Laboratory Coil in a validated 
EnergyPlus model of an institutional building in Singapore, the annual savings 
in pump, chiller and fan were projected to be 5.06 GJ, 13.66 GJ and 17.11 GJ, 
respectively. Fan, chiller and pump accounted for 48%, 38% and 14% of total 
air-conditioning related energy savings, respectively.  
Based on the modeling results and some assumptions, a 15-year life cycle cost 
analysis was conducted for both UV and mechanical cleaning in the modeled 
building. Project scale and air-conditioning system operating hours were found 
to be two crucial factors when evaluating life cycle cost and payback period. 
When IAQ benefits are not considered, UV cleaning could pay itself back in 
3.4-7.6 years with 24/7 operation (8,760 hours per year), which translates into 
a 15-year life cycle cost savings of S$ 4.13-9.25/m2. For scheduled operation 
(3,132 hours per year), UV cleaning was not able to pay itself back. Mechanical 
cleaning can pay itself back in 0.6 year for 24/7 operation, while the payback is 
not achievable for scheduled operation. 
The results of this study have demonstrated energy, disinfection and economic 
benefits of using UVGI for cooling coils in a year-round hot and humid climate.   
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CHAPTER 1: INTRODUCTION 
This chapter presents the background of coil fouling and ultraviolet germicidal 
irradiation (UVGI) systems for cooling coils, the motivation to investigate the 
benefits of UVGI for cooling coils in a year-round hot and humid climate, the 
research objectives, and the scope of the thesis work. The outline of the thesis 
is also summarized at the end of this chapter. 
1.1 Background and Motivation 
The building sector, the largest energy user in many countries, is also the largest 
carbon dioxide (CO2) emitter and the main contributor to climate change (Pérez-
Lombard et al., 2008; Xia et al., 2014; Yang et al., 2014). Globally, buildings 
account for more than 30% of CO2 emissions and around 40% of total energy 
consumption (Costa et al., 2013). Heating, Ventilating and Air-Conditioning 
(HVAC) systems are generally the largest energy end-user in buildings. In 
Singapore, the building sector accounts for around 31% of the whole country’s 
electricity consumption, of which 60% and 10% of the electricity is used for 
cooling and ventilation, respectively (Chua et al., 2013). 
The primary purpose of HVAC systems is to ensure a healthy and comfortable 
indoor environment for building occupants by maintaining thermal comfort and 
indoor air quality (IAQ) at acceptable levels. Cooling coils are heat exchangers 
where heat and mass transfer take place. They are widely used in HVAC 
systems to provide occupants with comfortable environments by maintaining 
air temperature and relative humidity at acceptable levels. In order to increase 
heat transfer, cooling coils are typically constructed of closely spaced aluminum 
fins attached to rows of copper tubes to increase air-side surface area, as shown 
 2 
 
in Figure 1.1. Chilled water passes through tubes; warm and humid air passes 
over tubes and fins. Thermal energy is transferred from air to chilled water. The 
compact design (usually 315 to 591 fins per meter) makes them very susceptible 
to air-side fouling. Among different types of fouling, particulate fouling and 
biological fouling (biofouling) are most common. Particulate fouling is formed 
through five deposition mechanisms when particles pass through cooling coils: 
Impaction on chilled water tubes, impaction on fin edges, gravitational settling, 
Brownian diffusion and air turbulence (Siegel and Nazaroff, 2003). Biofouling 
is usually formed through two different mechanisms: deposition and growth 
(Bott, 1995). The presence of nutrients (debris and deposited particles) and 
moisture is required for microbial growth. Properly selected upstream filters can 
prevent particulate fouling to a large degree. However, it is challenging to 
prevent biofouling. This is particularly true in a year-round hot and humid 
climate like Singapore, where the year-round cool and humid environment 
around cooling coils makes them ideal places for microbes to grow and form 
colonies. According to Meteorological Service Singapore (n.d.), temperatures 
and relative humidity vary very little from month to month during the period 
1982-2014. The average monthly temperatures range from 26.0 °C to 27.8 °C 




Figure 1.1: A schematic of a 2-row cooling coil 
Biologically fouled (biofouled) coils can become reservoirs of microorganisms 
(Hugenholtz and Fuerst, 1992; Levetin et al., 2001; Menzies et al., 2003; 
Menetrez et al., 2010; Menzies et al., 1999; Ryan et al., 2011), distributing 
biological contaminants into indoor spaces via ventilation systems and 
eventually resulting in deteriorated IAQ and affecting occupants’ health 
(Mendell et al., 2003; Mendell et al., 2006; Mendell et al., 2008). In addition, 
by decreasing the free flow area and impeding heat transfer, biofouling on coil 
surfaces may also significantly degrade system performance. The decreased free 
flow area is associated with increased pressure drop across coils, resulting in 
fans consuming more energy to overcome the additional pressure to provide 
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indoor spaces with an equivalent amount of air flow for ventilation and thermal 
control. The impeded heat transfer from warm air to chilled water, resulting 
from the huge difference between the thermal conductivity of biofouling 
(around 0.6 W/m·K) (Characklis et al., 2007; Melo and Vieira, 1999) and that 
of aluminum coil fins (around 200 W/m·K), makes biofouling effective thermal 
insulation and finally reduces the air-side heat transfer coefficient. In order to 
overcome the additional thermal resistance and maintain the same supply air 
set-point temperature in fouled conditions, chilled water systems usually react 
in two different ways, both of which are associated with more energy usage. 
The first way is to increase the chilled water flow rate without changing the 
chilled water supply conditions, causing chilled water pumps to run harder and 
consume more energy. This occurs automatically and may eventually lead to 
low △T syndrome in many real-world chilled water distribution systems (Taylor, 
2002). Low △T syndrome may force chillers to operate under non-optimum 
conditions and consume much more energy than normal operating conditions. 
The second way is to lower the chilled water supply temperature, causing 
chillers to run in non-optimum conditions with reduced coefficient of 
performance (COP). Reset of chilled water temperature set-point is normally 
done by operator intervention. 
Annual or semi-annual coil cleaning is a solution commonly recommended by 
manufacturers to prevent coils from fouling heavily and to ensure that they 
operate under optimum conditions. The most widely used coil cleaning methods 
(conventional coil cleaning) are chemical cleaning and high-pressure water 
cleaning, frequently in conjunction with each other. For chemical cleaning, 
chemicals need to be removed thoroughly to avoid potential danger to both 
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indoor occupants and service personnel. For high-pressure water cleaning, it is 
very possible to drive fouling into coils, making it out of sight and even harder 
to remove. Conventional coil cleaning is usually a time-consuming and 
laborious process, requiring both facility shutdown and significant costs. In 
addition, coil cleanliness may degrade immediately after cleaning, which 
reduces coil performance before next scheduled cleaning.  
UVGI, commonly generated by low-pressure mercury lamps predominantly at 
the wavelength of 254 nm, is a well-known method of disinfection. It can be 
used to disinfect water, air and surface, with air and surface disinfection being 
most popular in HVAC systems. The mechanism of disinfection is to inactivate 
or kill microorganisms by damaging the molecular bonds and the structure of 
their Deoxyribonucleic acid (DNA) and Ribonucleic acid (RNA), which 
prevents them from reproducing. There has being a long history of using UVGI 
in air handling units (AHUs) to mitigate microbial growth on cooling coil and 
drain pan surfaces through continuous UV irradiation (Kowalski, 2009). This 
application is also known as coil irradiation systems. With the use of coil 
irradiation systems, the coils become cleaner and operate in a more efficient 
manner (lower pressure drop and higher heat transfer coefficient), which brings 
unexpected energy benefits. Over the last decade, there has been a growing 
interest in HVAC communities to use coil irradiation systems in both new and 
old AHUs for preventing and retrofitting purpose, respectively. The U.S. 
General Services Administration (GSA) stipulates the use of UVGI for cooling 
coils and drain pans in new high performance (Tier 3) federal buildings (U.S. 
General Services Administration, 2015). The Building Construction Authority 
(BCA) in Singapore also considers UVGI for cooling coils as an innovative 
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green building technology in Green Building Design Guide (Building 
Construction Authority, 2015). In addition, the use of UVGI in AHUs may also 
earn additional points in green building rating systems such as Leadership in 
Energy and Environment Design (LEED) and Green Mark.  
The potential benefits of coil irradiation systems are: 
1. Energy benefits 
To achieve fan, pump and overall cooling energy savings through reduced 
pressure drop, enhanced heat transfer coefficient and increased system 
capacity as a result of biofouling mitigation. 
2. Maintenance benefits 
To save maintenance costs through continuous UV coil cleaning. 
3. Equipment benefits 
To extend the life of HVAC equipment by restoring their capacity through 
biofouling mitigation. 
4. Health and productivity benefits 
To control sources of microbial air contamination that can have health and 
productivity effects. 
The motivation of this study is to evaluate energy benefits, disinfection 
performance, and economic benefits of coil irradiation systems in a year-round 
hot and humid climate. 
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1.2 Research Objectives 
The present study is aimed at having a better understanding of the disinfection 
performance and energy-related benefits of coil irradiation systems in a year-
round hot and humid climate. The following research objectives are proposed:  
1. To quantify the reduction in pressure drop and enhancement in heat 
transfer characteristics of cooling coils 
2. To evaluate the energy saving potential of coil irradiation systems 
3. To evaluate the disinfection performance of coil irradiation systems 
4. To evaluate the economic feasibility of coil irradiation systems 
 
1.3 Scope of Work 
This study encompasses both experimental and modeling work. The scope of 
the experimental work includes collecting and analyzing biological samples and 
energy-related data from two different AHUs in Singapore. The scope of 
modeling work includes chilled water pump and chiller energy modeling based 
on the experimental results. It is to be noted that the changes in indoor air quality 
and occupants’ health are beyond the scope of this study, hence no biological 
measurements were conducted in occupied spaces. 
1.4 Outline 
Chapter 2: A literature review chapter provides a comprehensive overview of 
existing literature related to microbial contamination within AHUs and its 
health implication, impacts of coil fouling on pressure drop and heat transfer 
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characteristics, fouling-related energy penalty, fundamentals of UVGI, and 
disinfection performance and energy benefits of coil irradiation systems. 
Following the assessment of literature, the research gap is specified and the 
research objectives are proposed. 
Chapter 3: This chapter first describes the methodology of the experimental 
study, including site selection, UV intervention, data collection, and data 
analysis. The disinfection performance and energy-related benefits of coil 
irradiation systems are then presented in the form of “Before UV” and “After 
UV” comparisons in the following results and discussion sections.  
Chapter 4: This chapter first details the methodology of the modeling study, 
including the development of chilled water pump and chiller models, and the 
use of experimental results in the modeling study. Energy savings in both pump 
and chiller energy are then presented in the form of “Before UV” and “After 
UV” comparisons in the following results and discussion sections. 
Chapter 5: This chapter presents a simple life cycle cost analysis of coil 
irradiation systems in Singapore. 
Chapter 6: This chapter summarizes the findings of experimental study, 
modeling study and life cycle analysis. Overall conclusions, limitations and 




CHAPTER 2: LITERATURE REVIEW 
This chapter first provides a comprehensive overview of existing literature in 
relation to microbial contamination within AHUs, its potential health 
implication, fouling-related energy penalty, and coil irradiation systems. 
Secondly, the knowledge gaps are specified following the assessment of 
existing literature. Lastly, research hypotheses are proposed. 
2.1 Microbial contamination within AHUs and its potential health 
implication  
Sensible and latent cooling, the removal of heat and moisture, respectively, from 
hot and humid air when passing over cooling coils, are very common in cooling 
seasons, especially in hot and humid climates. The cool and humid environment 
within AHUs promotes microbial growth on cooling coils, drain pans and other 
internal wetted surfaces. Multiple studies have documented microbial 
contamination within AHUs (Acerbi et al., 2016; Ahearn et al., 1996; Batterman 
and Burge, 1995; Hugenholtz and Fuerst, 1992; Kang and Kato, 2014a; Kang 
and Kato, 2014b; Kemp et al., 2003; Levetin et al., 2001; Lu et al., 2009; 
Luongo and Miller, 2016; Menzies et al., 1999; Menzies et al., 2003; Morey, 
1988; Morey, 1992; Parat et al., 1996; Schmidt et al., 2012; Simmons, 1997; 
Sung et al., 2011; Sung et al., 2012; Wilson et al., 2007; Wu et al., 2016). 
Numerous complaints of moldy air were reported in a six-floor office building 
in Houston-Galveston area in USA after only 18 months of occupation. 
Inspections conducted by Ahearn et al. (1996) revealed visually severe fungal 
colonization on moist fiberglass insulation within AHUs. After removing the 
contaminated fiberglass insulation, the number of moldy complaints was 
 10 
 
significantly reduced. They also collected air samples (sampling location was 
not mentioned) before and after removal of contaminated fiberglass insulation, 
and found relatively low airborne fungal levels (lower than 200 CFU/m3) for 
most air samples, regardless of the severity of fungal growth on insulation.  
Levetin et al. (2001), in an office building in Tulsa, OK, USA, collected surface 
samples from insulation within AHUs and air samples 40 cm downstream of 
cooling coils. This study intended to investigate the disinfection performance of 
coil irradiation systems through a “Before UV” and “After UV” comparison of 
sampling results. In normal operating conditions without UV, the species of 
fungi found in air and surface samples are the same, with Aspergillus versicolor, 
Penicillium corylophyllum and a strain of an unidentified Cladosporium being 
the most dominant species. 
Lu et al. (2009) investigated the variation of microbial concentration levels by 
taking air and surface samples at various locations from 10 different AHUs. 
They reported average surface bacterial and fungal concentration of 29 
CFU/cm2 and 137 CFU/cm2, respectively. In the meanwhile, fungal 
concentrations in supply air diffusers were also found higher than those in 
outdoor air for five AHUs. From this, they concluded that microorganisms on 
HVAC surfaces may eventually be distributed to indoor spaces via ventilation 
systems. It is to be noted that several factors not mentioned in the above study, 
such as AHU type and outdoor air percentage, may affect the above conclusion. 
For 100% outdoor air AHUs, it is reasonable to infer microbial release from 
surface contamination when concentrations in supply air diffusers are higher. 
However, for AHUs with recirculated air and with different outdoor air 
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percentages, the higher concentrations in supply air diffusers could be attributed 
to return air affected by building occupants.  
Similar to Lu et al. (2009), Kemp et al. (2003) investigated the changes in the 
airborne fungal levels from outdoor to indoor through two well maintained 
HVAC systems in two different climates (Perth, Australia and New York City, 
USA). Compared with Lu et al. (2009), Kemp et al. (2003) collected air samples 
at more locations, including locations before and after HVAC components such 
as cooling coils and filter banks. They found a gradual reduction in total CFU 
counts along the airstream till the location after the cooling coil in Perth and 
after the supply air duct in New York City, indicating that HVAC components 
(at least those placed before cooling coils and cooling coil themselves) could 
filter out airborne fungi to some extent. However, some species of fungi not 
detected in the air before entering AHU chambers were detected in AHU 
chambers in several situations, which in turn suggested that HVAC components 
were sources of specific fungi species. It is to be noted that the air samples were 
taken sequentially along the airstream direction, instead of simultaneously, 
which cannot exclude the possibility of the temporal variations in fungi counts.  
Two recent laboratory studies (Acerbi et al., 2016; Wu et al., 2016), conducted 
in a year-round hot and humid climate (Singapore), revealed interesting findings 
on microbial contamination levels within cooling coils. In Acebi et al. (2016), 
the test apparatus consisted of a refrigerant coil supplied with 100% outdoor air 
and a fixed speed fan generating an air face velocity of around 1.5 m/s (flow 
rate around 1000 m3/h), as shown in Figure 2.1. The system operated 
continuously for 9 hours per day (9 am to 6 pm) from Monday to Friday and 
kept turned off for the remaining time. The whole study covered four weeks, 
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from October 27, 2014 to November 27, 2014. Air samples were collected on 
both upstream and downstream sides of the cooling coil. Water samples were 
collected from the drain pan. Their results showed significant difference 
between the microbial community composition of air and water samples, with 
Agaricomycetes being dominant in air samples, but the composition changing 
with time in water samples. Water samples collected in the morning after 
overnight system shutdown had higher concentration levels than those collected 
in the evening, suggesting that there was an increase in microbial growth within 
the cooling coil during shutdown period, and the condensate water had “first 
flush” effects when the coil was back to operation. Their results, however, did 
not reveal significant difference between upstream and downstream airborne 
concentration levels. This study concluded that the cooling coil did not act as 
an ecological filter or sink/source for specific microorganisms.  
 
Figure 2.1: A schematic of AHU with sampling setup (Acerbi et al., 2016) 
Wu et al. (2016), applying the same test apparatus used in Acebi et al. (2016), 
demonstrated somewhat different results when making several modifications to 
the methodology used by Acebi et al. (2016). Instead of having a fixed face 
velocity, Wu et al. (2016) used a variable speed fan to generate different face 
velocities at 1.0, 1.5 and 2 m/s. In addition, this study investigated two different 
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operation conditions: dry coil (coil off) and wet coil (coil on). Moreover, a 
HEPA filter was installed at the inlet of the system. Compared with dry 
condition, their results showed more substantial deposition of airborne 
microorganisms on coil surfaces in wet condition. The deposition fraction was 
found to be positively related to air velocity. Observation was made on the “first 
flush” effects of condensate water when the system was back to operation after 
overnight shutdown. Different from observations made in Acebi et al. (2016), 
the cooling coil in this study was found to be a substantial sink for bioaerosols 
and may become a source of bioaerosols. Acebi et al. (2016) attributed this 
discrepancy to the use of a HEPA filter. The findings of these two studies are a 
valuable addition to the existing literature related to microbial contamination 
within cooling coils and its association with air contamination in a year-round 
hot and humid climate. It is to be noted that these results are based on a 
laboratory test coil and may not be generalizable to other real-world cooling 
coils in hot and humid climates due to the following reasons: (1) The majority 
of AHUs in Singapore are recirculated units with only 10 to 15% outdoor air. 
The difference between indoor and outdoor air microbial composition may 
render the results different; (2) For buildings with specific function (e.g. 
hospital, library), the coils are in continuous 24/7 operation with no shutdown 
period; and (3) The test coil is a refrigerant coil, while chilled water coils usually 
have different operating conditions. 
Although the above findings are good evidence of microbial contamination 
within AHUs, none of them presented the contamination level on cooling coil 
surfaces by collecting surface samples, which is of particular interest to this 
study. Unlike collection of samples from condensate water, insulation and filters, 
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the narrow fin spacing of cooling coils adds considerable complexity to 
collection of coil surface samples. The following studies presented different 
methods of collecting samples from coil surfaces and demonstrated their 
contamination levels. 
Hugenholtz and Fuerst (1992), in order to explore the baseline bacterial levels 
in AHUs with scheduled maintenance, investigated two well-maintained AHUs 
with no reported building-related illness in a field test in Australia by collecting 
bacterial samples from both cooling coil surfaces and condensate water. Sterile 
cotton swabs were initially used to collect coil surface samples, but Cytobrushes 
(Medscand, Sweden) were used instead in the subsequent samplings because of 
their durability and closer fit to the fin spacing. The sampling grid was not 
mentioned. Although both AHUs appeared to be visually clean, high bacterial 
levels were found on both downstream coil surfaces (105 to 106 CFU/cm2) and 
in condensate water (105 to 107 CFU/ml). Among different types of bacteria, the 
budding bacteria, belonging to the genus Blastobacter, was found to dominate 
bacterial contamination. The above observations implied that AHUs could 
become reservoirs of bacteria despite the lack of visible microbial 
contamination.  
Schmidt et al. (2012) conducted a laboratory study to characterize the microbial 
concentration level on aluminum and copper heat exchangers. Surface samples 
were collected by placing 99 L-shaped metal (either aluminum or copper) 
“coupons” around chilled water tubes near downstream side according to a 3×3 
sampling grid. This 3×3 grid divided the heat exchanger face into nine zones 
with 11 coupons placed in each zone. The conceptual division of the heat 
exchanger face is shown in Figure 2.2. Compared to copper surfaces, the 
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commonly used aluminum ones were found to be more susceptible to both 
bacterial and fungal growth, with bacterial level being 11,411−47,257 CFU/cm2 
and average fungal level being 378 CFU/cm2. They also found microbial levels 
had increasing trends towards the bottom of the aluminum heat exchangers and 
suspected that the condensate formed on coil surfaces had “wash-down” effects 
on microbial growth on coil surfaces. However, no condensate water samples 
were collected to test this hypothesis. 
 
Figure 2.2: a. Conceptual division of heat exchanger face into nine equal 
zones. b. Division of each zone into 11 areas, each containing one coupon 
(Feigley et al., 2013)  
Luongo and Miller (2016), in a laboratory test conducted in Boulder, CO, USA, 
collected coil surface samples at various locations in four central quadrants of 
the coil face area using sterile BBL CultureSwabs (BD, Sparks, MD). A 10 cm2 
coil surface area was swabbed for each sample. They found a strong relationship 
between bacterial concentrations on coil surfaces and coil operating conditions. 
The concentrations were higher on downstream surfaces in condensing 
conditions, but higher on upstream surfaces in dry conditions. Their results 
imply that the ability of biofilms to stay attached on coil surfaces depends on 
surface wetness. It is to be noted that the test apparatus used only the indoor air 
in the laboratory (it had no direct outside air supply). Colorado has a cool and 
dry climate, while Singapore has a year-round hot and humid climate. 
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Observations made in this study may not be applicable to hot and humid 
climates.  
Wilson et al. (2007) examined the mold species at selected locations within 
AHUs. A total of 25 AHUs installed in seven schools in Texas, USA, were 
selected for this study. Surface samples from four different locations (blower 
wheel, cooling coil fins, insulation, and duct work) were collected by a total of 
570 swabs and 566 tape lifts. Cooling coils were sampled using swabs according 
to a 3×3 sampling grid to determine the preferred area for mold growth. It is to 
be noted that the results of swab sample were only used to determine whether 
identified mold were culturable, but not to quantify the contamination level due 
to the possible variation in them (Macher, 1999). Their results showed that the 
blower wheel fan blades were the most preferred mold growth locations. 
Cladosporium sp. was the most common mold species within AHUs. 
Acremonium sp. was only found in cooling coils samples, which was suspected 
to be related to high moisture levels on coil surfaces. In addition, no preferred 
location for mold growth on coil fin surfaces was detected.  
Menzies et al. (1999) and Menzies et al. (2003) also documented microbial 
contamination on cooling coil surfaces in two field tests conducted in Montreal, 
Canada. These two studies mainly investigated the disinfection performance of 
coil irradiation systems and their impacts on occupants’ health, which will be 
explained in more details in Section 2.3.2 Coil Irradiation Systems.  
A summary of studies on microbial contamination on cooling coil surfaces is 






Table 2.1: A summary of studies on microbial contamination on cooling coil surfaces 
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Although HVAC systems are designed to supply clean air to indoor spaces, the 
microbial growth within them may contaminate the air flowing through them 
and subsequently affect occupants’ health. Multiple studies have demonstrated 
a strong association between the contaminated HVAC systems and the 
occurrence of Building-related Illnesses (BRI) symptoms and Sick Building 
Syndrome (SBS). 
In the 1980s, although several studies investigated the relationship between SBS 
symptom prevalence in office workers and the type of air-conditioning systems, 
their results were contradictory, which led to a reanalysis conducted by Mendell 
and Smith (1990). Based on specific selection criteria detailed in Mendell and 
Smith (1990), they selected five studies from the United Kingdom (Burge et al., 
1987; Finnegan and Pickering, 1987; Harrison et al., 1987; Hedge, 1984; 
Robertson et al., 1989) and one study from Denmark (Skov et al., 1987). After 
reanalyzing and summarizing these studies, they found higher prevalence of 
symptoms in air-conditioned buildings than in naturally ventilated buildings. 
Liquid-water-based humidification in air-conditioning systems was found to be 
related to a higher prevalence of some symptoms, while stream humidification 
did not appear to affect the prevalence of symptoms. They also pointed out that 
the reanalyzed studies were only performed in Demark and United Kingdom, 
hence the generalizability of the results was questionable. 
The U.S. National Institute for Occupational Safety and Health (NIOSH) 
conducted a large-scale field study (2,345 workers in 80 office buildings) 
between 1992 and 1993 to investigate the relationship between risk factors for 
microbial contamination and lower respiratory symptoms (Mendell et al., 2003). 
A strong association between lower respiratory symptoms and moisture-related 
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risk factors (particularly poor pan drainage under cooling coils) in buildings was 
observed. They concluded that moisture in HVAC systems may increase 
adverse respiratory effects by supporting microbial growth. However, more data 
are needed to confirm this finding. 
Between 1994 and 1998, a more comprehensive field study called Building 
Assessment and Survey Evaluation (BASE), covering 100 office buildings 
representative of different regions throughout the U.S. and 4,326 building 
occupants, was conducted by the U.S. Environmental Protection Agency (EPA) 
to explore the relationship between risk factors and building-related symptoms. 
Strong associations between the lack of drain pan or cooling coil cleaning and 
the increased mucous membrane and lower respiratory symptoms were found 
in this study (Mendell et al., 2006; Mendell et al., 2008), suggesting that the 
presence of moisture on drain pan and cooling coil surfaces in poorly 
maintained HVAC systems could result in microbial growth and, subsequently, 
increase building related symptoms. These findings corresponded well with 
those of a previous study (Mendell et al., 2003). The authors also suggested 
frequent drain pan and cooling coil cleaning as a method to prevent building 
related symptoms. 
2.2 Fouling-related Energy Penalty 
Air-side fouling, a common phenomenon in compact heat exchangers like 
cooling coils, may reduce air-side heat transfer coefficient, increase pressure 
drop, and eventually result in energy penalty. Over the last two decades, there 
has been a growing interest in the impacts of air-side fouling on coil 
performance and energy efficiency (Ahn et al., 2003; Ali and Ismail, 2008; Bell 
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and Groll, 2011; Ma and Wang, 2011; Montgomery and Baker, 2006; Pak et al., 
2003; Pu et al., 2009; Siegel, 2002; Yang et al., 2007). 
Particulate fouling and biological fouling are two common types of air-side 
fouling, and may have different impacts on coil energy performance. There is 
no shortage of studies on air-side particulate fouling in existing literature. Most 
of them are conducted in laboratories by injecting particulate fouling materials 
upstream of coils. Pak et al. (2003), in a laboratory test, investigated the effects 
of air-side particulate fouling and chemical cleaning on the performance of 
different condenser coils with different fin geometries and row numbers. They 
injected 300 g ASHRAE standard dust upstream of every test coil to simulate 
fouled conditions and found that fouling occurred mainly on frontal faces of 
coils. Regardless of fin geometry and tube row number, fouling was found to 
have more significant effects on pressure drop than on heat transfer. The 
reduction in heat transfer was more significant for shallower coils, while the 
change in pressure drop was similar. They also found the chemical cleaning 
could restore heat transfer and pressure drop performance within 1 to 5% and 1 
to 7%, respectively, as compared to the originally clean condition before dust 
injection. 
Bell and Groll (2011), in a laboratory test, investigated the impacts of different 
dust (ASHRAE Standard Dust and Arizona Road Test Dust) on pressure drop 
and heat transfer characteristics of wavy-plate-fin and microchannel coils. They 
found that the impacts on heat transfer and pressure drop were strongly 
associated with dust type. For microchannel coils, the ASHRAE Standard Dust 
had more significant impact on pressure drop, while heat transfer performance 
was more sensitive to the Arizona Road Test Dust. The performance of wavy-
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plate-fin coils was considerably less sensitive to dust fouling. Figure 2.3 shows 
the photographs of coils fouled with dust. 
 
Figure 2.3: Photographs of coils fouled with dust (Bell and Groll, 2011) 
Yang et al. (2007) injected 600 g of dust upstream of coil-filter combinations in 
a laboratory test to investigate the effects of particulate fouling. Increase in 
pressure drop, ranging from 6% to 200%, was observed in different coil-filter 
combinations. The impacts on air-side heat transfer coefficient were relatively 
small, ranging from -14% to 4%. They speculated that, in some cases, the 
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presence of the dust created additional turbulence which eventually led to 
enhancement in heat transfer.  
Siegel (2002) developed a mathematical model to predict the fouling times and 
energy penalty of coil fouling, and verified the model with a laboratory test. He 
defined the fouling time as the time to double the pressure drop at a constant air 
flow rate. For a base case with a typical coil (472 fins per meter), dirty indoor 
environment, urban outdoor concentration and a MERV 2 filter, the fouling time 
was around 7.5 years. It was found that this level of fouling could translate into 
5-7% reduction in air flow and less than 5% degradation of coil capacity. 
Doubling of the above fouling time could have more serious effects (10-20% 
reduction in air flow and 5-15% reduction in coil capacity). He also pointed out 
that the effects of fouling could be more significant for marginal systems (i.e. 
systems with insufficient air flow across coils). 
Biofouling differs from particulate fouling in many aspects, including fouling 
material, fouling mechanism, fouling location, and fouling formation condition. 
The component of particulate fouling is primarily dust particle, while biofouling 
is essentially microorganisms. Particulate fouling is formed through five 
deposition mechanisms when particles pass through cooling coils: Impaction on 
chilled water tubes; impaction on fin edges; gravitational settling; Brownian 
diffusion; and air turbulence (Siegel and Nazaroff, 2003). Biofouling is usually 
formed through two different mechanisms: deposition and growth (Bott, 1995). 
The leading edges of coils were found to be the major locations where the 
majority of dust deposits (Pak et al., 2003; Siegel, 2002; Yang et al., 2007), 
while biofouling could distribute across coil fin surfaces (Pu et al., 2009). 
Biofouling is also found to be more severe on downstream and upstream coil 
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surfaces in condensing and dry conditions, respectively (Luongo and Miller, 
2016). 
Peer-reviewed studies examining the effects of biofouling on cooling coil 
energy performance are quite limited in the existing literature. Pu et al. (2009), 
in an attempt to investigate the effects of biofouling on air-side heat transfer 
coefficient and pressure drop, artificially grew microorganisms (Aspergillus 
niger) on cooling coil surfaces in a laboratory study. Compared to the natural 
microbial growth, the artificial method accelerated the growth rate and had the 
advantage of significantly shortening the research period, while it faced the 
shortcomings of not being able to represent real-world biofouling which might 
consist of more complicated components. Figure 2.4 shows the photographs of 
cooling coils with different biofouling area ratios. They found biofouling 
distributed dispersedly on coil surfaces, which was very different from the 
distribution of particulate fouling. They also observed some biofouling in the 
drain pan, especially under large face velocity scenarios, and speculated that 
these biofouling was washed off by condensate water. However, they did not 
test this hypothesis by collecting condensate water samples. Their results 
showed 21.8-41.3% increase in pressure drop at face velocities ranging from 
0.5 m/s to 2.0 m/s, and -7.9-15.9% reduction in air-side heat transfer coefficient. 
They observed enhancement in heat transfer in some cases when the air face 
velocity is lower than 2.0 m/s, which led them to suspect that biofouling could 
assist in forming additional turbulence in certain conditions and subsequently 





Figure 2.4: Photographs of cooling coils with different biofouling area ratios: 
(1) clean, (2) 10±1% fouled, (3) 30±1% fouled, and (4) 60±1% fouled. (Pu et 
al., 2009) 
Fouling in real-world cooling coils is usually a combination of particulate 
fouling and biofouling. Several studies investigated the impacts of mixed types 
of fouling. Ahn et al. (2003) collected 30 field-installed evaporator coils with 
different years of use (3 to 15 years) and tested their performance in a laboratory 
environment. Photographs of fouled coils with different duration of use are 
shown in Figure 2.5. Chronological increase in pressure drop was found, which 
could be attributed to the deposition of indoor pollutants with the size larger 
than 1µm. The increase in pressure drop was up to 44% for coils with 7 years 




Figure 2.5: Photographs of fouled coils with different years of use: (a) 6 years 
and (b) 14 years. (Ahn et al., 2003) 
Instead of collecting real-world fouled coils, Ali and Ismail (2008) collected 
fouling materials from real-world fouled evaporator coils and injected them into 
an evaporator coil in a laboratory environment to analyze the effects of real-
world fouling on coil performance. Experiments were conducted under clean 
condition and different fouling conditions with 100 g, 200 g and 300 g injection, 
respectively. At the face velocity of 1.53 m/s, compared to the clean condition, 
the coefficient of performance (COP) in the above fouled conditions reduced to 
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67%, 63.4% and 43.6%, respectively. They also examined the components of 
fouling on both upstream and downstream surfaces of the test coil and found a 
large discrepancy: 18.14% was organic material on upstream surfaces and only 
1.2% was organic on downstream surfaces. The Aspergillus fungi were found 
to dominate the biofouling. The photographs of clean and fouled coils were 




Figure 2.6: Photographs of clean and fouled evaporator coils: (a) clean, (b) 
fouled upstream surface, and (c) fouled downstream surface. (Ali and Ismail, 
2008) 
Apart from the above laboratory tests, a field test also demonstrated the fouling-
related energy penalty from the perspective of coil cleaning (Montgomery and 
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Baker, 2006). After a coil cleaning performed on the 34th floor of a building on 
Times Square in New York City, an approximately 14% decrease in pressure 
drop, a 25% increase in sensible cooling capacity and a 10% increase in latent 
cooling capacity could be achieved. The increase in the whole HVAC system 
energy efficiency was about 10-15%.  
Ma and Wang (2011) investigated the effects of bypass check valve on the 
energy consumption of large primary-secondary chilled water systems via 
modeling. They assumed 10%, 20% and 30% air-side fouling on cooling coils 
and reported 7.92%, 15.89% and 21.92% increase in total energy consumption 
of the chilled water system, respectively. Although they found that a bypass 
check could reduce the total energy consumption by 6.77% when air-side 
fouling is 20%, the energy penalty was still 9.12% compared to the clean 
condition. This study clearly demonstrated the energy penalty associated with 
air-side fouling, but the assumption of air-side fouling degree might not be 
realistic and more experimental data were required to verify the savings. 
A summary of studies on energy penalty resulting from air-side coil fouling is 












Method of fouling Important results 
Energy 
penalty 




Collect fouled coils from 
real-world application and 
test them in laboratory 
environment 
1. Impacts on pressure drop are more 
significant than on heat transfer 









Collect fouling materials 
from real-world  fouled 
coils and test them in 
laboratory environment 
Degradation of COP depends on the 




Bell and Groll 
(2011) 
Laboratory Dust Dust injection 
1. Impacts on pressure drop are more 
significant than on heat transfer 
2. Impacts rely on dust type and coil 
configuration 
– 
Ma and Wang 
(2011) 
Modeling – Assumed fouling 
7.92-21.92% increase in energy 







field mixed Coil cleaning 
14% decrease in pressure drop, 25% 
increase in sensible cooling, 10% increase 
in latent cooling and 10-15% increase in 





Pak et al. (2003) Laboratory Dust Dust injection 
Impacts on pressure drop are more 
significant than on heat transfer 
– 












Method of fouling Important results 
Energy 
penalty 
Pu et al. (2009) Laboratory Biofouling 
Artificially grow 
microorganisms on coil 
surfaces 
1. Impacts on pressure drop are more 
significant than on heat transfer 







Dust Dust injection 
Impacts on pressure drop are more 




Yang et al. (2007) Laboratory Dust Dust injection 
1. Impacts on pressure drop are more 
significant than on heat transfer 
2. Heat transfer is enhanced in some 
fouled conditions 
– 
Note: “‒” means “not mentioned” 
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2.3 UVGI Systems 
2.3.1 Fundamentals of UVGI 
Ultraviolet (UV) irradiation, a shortwave and electromagnetic irradiation with 
a wavelength of 100 nm to 400 nm, is abundant in sunlight and invisible to 
human eyes. It has a shorter wavelength than visible light, but a longer 
wavelength than X rays. According to different wavelengths, UV irradiation is 
commonly divided into three categories: UVA (315 nm to 400 nm), UVB (280 
nm to 315 nm) and UVC (100 nm to 280 nm). Figure 2.7 illustrates the spectrum 
of UV irradiation in relation to other shortwave and longwave irradiation. UV 
irradiation with the wavelength of 260-265 nm has the highest germicidal 
effectiveness. The spectrum of UV germicidal effectiveness is demonstrated in 
Figure 2.8. UVC irradiation at the wavelength of 254 nm, commonly referred 
to UVGI and generated by low-pressure mercury vapor lamps, is widely used 
in air and surface disinfection applications. It renders the microorganisms 
inactive by altering the molecular bonds and the structure of their DNA and 
RNA. In this study, both terms “UVGI” and “UV” refer to UVC irradiation at 





Figure 2.7: The spectrum of UV radiation in relation to other shortwave and 
longwave radiation (IESNA, 2000) 
 
Figure 2.8: The spectrum of UV germicidal effectiveness for E. coli. (IESNA, 
2000; Luckiesh, 1946) 
There has been a long history of using UVGI as an environmental control 
strategy to control microorganisms in air, in water and on surfaces (Brickner et 
al., 2003; Reed, 2010). Among different UVGI applications, water disinfection 
is currently most developed and accepted. Air disinfection is usually achieved 
through several methods: (1) confining UV irradiation in the upper space of 
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rooms above the occupied zone and irradiating air when it passes through the 
irradiated zone (Upper-room UVGI); (2) confining UV irradiation in the HVAC 
ductwork and irradiating air when it passes through the irradiated zone (In-duct 
UVGI); and (3) confining UV irradiation in a portable UVGI device and 
irradiating the recirculated air through the device. Surface disinfection is usually 
achieved through irradiating HVAC components with wetted surfaces (e.g. 
cooling coils and evaporative humidifiers) and irradiating indoor surfaces when 
the space is not occupied.  
When exposed to UV irradiation, the fraction of inactivated microorganisms 
depends on UV exposure dose and UV rate constant. UV exposure dose is a 
function of UV irradiance and exposure time, as described in Equation (2.1).  
t RD E I                                               (2.1) 
where 
D  = UV exposure dose, [J/m2]; 
tE  = Exposure time, [s];  
RI  = Irradiance, [W/m
2]. 
UV rate constant, also known as UV susceptibility, refers to microbial 
susceptibility to UV irradiation. The value of UV rate constant varies widely 
among different species of microorganisms. Generally, the UV rate constants of 
fungi are lower than those of viruses and bacteria, indicating that fungi are more 
resistant to UV irradiation than viruses and bacteria (Brickner et al., 2003, 
Kowalski, 2009). The most commonly used model to analyze the survival 
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fraction of microorganisms is the classic exponential decay model, also known 
as the single stage decay model, expressed in Equation (2.2).                                             
 
KDS e                                               (2.2) 
where: 
D  = UV exposure dose, [J/m2]; 
S  = Survival fraction, [%]; 
K  = UV rate constant, [m2/J]. 
However, it is common that a small fraction of microbial population (usually on 
the order of 1% or less) have considerably lower UV susceptibility and are 
therefore more resistant to UV irradiation (Chick et al., 1963). The more 
resistant microbial population may have a UV rate constant ten times lower than 
that of the less resistant population of the same species. When the disinfection 
fraction is high (99% or higher), the decay curve for most microbial population 
is two-staged: fast-decay stage for less resistant population and slow-decay 
stage for more resistant population. Hiatt (1964) proposed the two-stage decay 
model (also known as tailing effect model) as: 
1 2(1 )
K D K D
S f e fe
                                         (2.3) 
where 
f  = fraction of the total population subject to slow decay, [%]; 
1K  = UV rate constant for fast decay population, [m
2/J]; 
2K = UV rate constant for slow decay population, [m
2/J]; 
D  = UV exposure dose, [J/m2]; 
S  = Survival fraction, [%]. 
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Another deviation from the classic single stage decay model is the delay model. 
A threshold UV dose is usually required to trigger a fully developed single-stage 
or two-stage decay (Cerf, 1977; Munakata et al., 1991; Pruitt and Kamau, 1993). 
Before reaching the threshold UV dose, the decay curve is flat (like a shoulder) 
and microorganisms behave like a delayed response to UV irradiation. There 
are several mathematical models to depict the delay model (also known as 
shoulder effect model), including multi-hit target model and classic model 
(Kowalski, 2009). Among them, the multi-hit target model (Severin et al., 1983) 
is most convenient, given as follows:  
1 (1 )KD mS e                                           (2.4) 
where 
K  = UV rate constant, [m2/J]; 
D  = UV exposure dose, [J/m2]; 
m  = Multi-target exponent; 
S  = Survival fraction, [%]. 




Figure 2.9: Comparison of three types of decay curves (Lau, 2009)  
When modeling or designing UV disinfection systems, careful consideration 
needs to be given to model selection. For applications requiring high 
disinfection fraction, for example six logs of disinfection, the tailing effect is 
apparent and the two stage decay model is more accurate. On the contrary, for 
applications with low irradiance levels or when the targeted microorganisms are 
highly resistant to UV, the shoulder effect can be prominent and hence the delay 
model is more accurate. However, the above factors need not be considered for 
most UVGI applications, which allows a simple single stage curve model to be 
generally adequate. 
According to Equations 2.1–2.4, it takes longer for microorganisms with lower 
UV rate constant to achieve the same survival fraction given the same exposure 
time and UV irradiance, and vice versa. Hence, it usually takes longer to 
inactive fungi than to inactive bacteria and virus. Compared with surface 
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disinfection systems (irradiation is usually continuous), much higher UV 
irradiance is required for air disinfection systems due to the extremely short 
exposure time (from less than one second to a few seconds) as the air moves 
through the irradiated zone at relatively high speeds. Typically, the required 
mean irradiance for air disinfection is of the order of 1,000 to 10,000μW/cm2. 
In contrast, a mean coil surface irradiance of the order of 1 μW/cm2 can be 
effective, although 50 to 100 μW/cm2 being more typical (ASHRAE, 2015). 
2.3.2 Coil Irradiation Systems 
Over the past decade, there has been a growing interest in the use of coil 
irradiation systems as a retrofitting strategy to save energy and reduce 
maintenance cost given their ability to enhance heat transfer and reduce pressure 
drop. The use of UVGI in AHUs may also earn additional points in green 
building rating systems such as LEED and Green Mark. UV lamps can be 
installed downstream, upstream, or on both sides of cooling coils to provide 
continuous irradiation on coil surfaces. Installing UV lamp on downstream side 
is most popular due to the simultaneous irradiation on cooling coils and drain 
pans. Bahnfleth (2011) and Miller et al. (2013) provided a brief overview of 
UVGI in AHUs 
Several peer-reviewed studies have demonstrated the disinfection performance 
of coil irradiation systems and their corresponding impacts on occupants’ health 
(Leach and Scheir, 2014; Levetin et al., 2001; Luongo and Miller, 2016; 
Menzies et al., 1999; Menzies et al., 2003; Ryan et al., 2011). Menzies et al. 
(1999) first investigated the effects of UVGI system in AHUs on occupants’ 
health in a pilot double-blind study in Montreal, Canada. UV lamps were 
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installed downstream of cooling coils in three different AHUs serving three 
different floors of an office building. They were turned on for three weeks and 
then turned off for three weeks. This process was repeated twice, covering a 
period of 12 weeks (October to December). Their results showed that 
microorganisms on cooling coil and drain pan surfaces were not detectable after 
three weeks of UV intervention, but there was little impact on the concentration 
of supply air samples taken 3.0-4.6 m downstream of UV lamps. They attributed 
the small change in airborne levels to the high efficiency of upstream filters 
which ensured very low concentration in supply air even without UV. Virtual 
elimination of microbial growth on the surfaces of HVAC systems was also 
observed. In addition, of 104 workers participating the questionnaire, slightly 
fewer reported work related symptoms after UV intervention. However, as 
pointed out by the authors, the small sample size of participants in this study 
might limit the inferences made. 
Following the previous pilot study, Menzies et al. (2003) conducted a more 
comprehensive study in three office buildings in Montreal, Canada, with a total 
of 771 workers participating in the questionnaires. The UV operation schedule 
was also different from the previous one, with four weeks on and then 12 weeks 
off (a total of 48 weeks for three repetitions from July 1, 1999 to July 31, 2000). 
With UV on, 99% reduction in surface microbial concentration was achieved, 
which was in line with previous findings. However, observations like 
significantly lower airborne microbial concentration in the supply air and 
considerably fewer reported work-related symptoms were somewhat different. 
The above discrepancy may be attributed to the difference in several factors, 
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such as the number of buildings and participants involved, the season when the 
measurements were conducted, and the duration of measurements. 
Levetin et al. (2001) investigated the effectiveness of UVGI in reducing fungal 
contamination within AHUs in an office building in Tulsa, OK, USA. UV lamps 
were installed downstream of cooling coils and operated 24/7 throughout the 
summer and early fall from May 1997 to September 1997. Air samples were 
collected about 40 cm downstream of cooling coils; surface samples were 
collected from fiberglass insulation within AHUs. UV intervention was only 
applied to the study floor. The comparison between the control and study floor 
demonstrated a considerable reduction in total fungal count in both surface and 
air samples on the study floor with UV. On the contrary, the fungal count in 
both surface and air samples increased significantly on the control floor without 
UV. 
Luongo and Miller (2016) recently investigated the effects of coil irradiation 
systems on microbial mitigation in a laboratory test. Their test apparatus 
consisted of two parallel ducts and two cooling coils, one treated by a UVGI 
system and the other not, as shown in Figure 2.10. The duration of the 
measurement was around one year, covering three different coil operation 
modes: dry mode, condensing mode and transitional mode (condensate staying 
on coil surfaces but not dripping down). They found that both desiccation and 
UV radiation had impacts on downstream surface concentrations. The average 
reduction in surface bacterial counts over the entire year was around 40%. They 
also observed that the reduced surface loading and increased airborne loading 
occurred concurrently, which led them to suspect that coil irradiation systems 
could result in resuspension of cell clusters. Over the entire year, the average 
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increase in airborne counts was around 57%. The effects of UV were found to 
be more significant in condensing conditions in which downstream surface 
loading was much higher. This study has revealed the risk of using coil 
irradiation as a mitigating strategy because of the resuspension of cell clusters, 
especially in humid climates in which latent load is high. It is to be noted that 
the coil operating environment in this study is considerably less humid than that 
in hot and humid climates. Additionally, the high latent load in a hot and humid 
climate in Singapore is year-round, and not seasonal. Moreover, it is difficult 
for a laboratory test to capture the real-world microbial contamination on coil 
surfaces. Future studies in different climates are needed to make a general 
conclusion. 
 
Figure 2.10: Test apparatus of the coil irradiation system (Luongo and miller, 
2016) 
Ryan et al. (2011) installed UVGI systems in AHUs to explore the effects of 
coil irradiation systems on ventilator-associated pneumonia (VAP) in a neonatal 
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intensive care unit (NICU). The cooling coil was visually contaminated before 
UV intervention, but had no visible contamination after about six weeks of UV 
irradiation, as shown in Figure 2.11. The microbial level in NICU environment 
was also significantly reduced after UVGI, which eventually led to significantly 
fewer VAP. Their results established a strong association between the use of 
coil irradiation systems and VAP, which has instructive significance for 
hospitals when it comes to VAP control.  
 
Figure 2.11: Photographs of a cooling coil before and after UVGI (Ryan et 
al., 2011) 
Although the above studies have demonstrated the ability of coil irradiation 
systems to mitigate microbial contamination on coil surfaces and to improve 
occupants’ health, they did not report energy-related benefits such as reduction 
in pressure drop and enhancement in heat transfer coefficient. The motivation 
of irradiating cooling coils with UV lamps, in many cases, is to improve coil 
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energy performance and save energy through biofouling mitigation. To the 
author’s knowledge, UV lamp manufacturers have been claiming the energy 
saving benefits of coil irradiation systems, while very few relevant peer-
reviewed studies are available in the existing literature. Energy saving evidence, 
presented in trade magazines or manufacturer case studies, are mostly anecdotal.  
Several trade magazine articles and case studies are reviewed herein. A trade 
magazine article (UVC: Florida hospital, 2004) reported the improvement in 
coil energy performance and the energy saving potential with the use of coil 
irradiation systems. A 27-year-old AHU in a Florida hospital, with visible mold 
buildup on both coil and drain pan surfaces and an estimated 50% clogged coil, 
was selected for the case study. After weeks of UV irradiation, the air velocity 
increased from 1.2 m/s to 2.6 m/s, pressure drop across the coil decreased from 
448 Pa to 174 Pa, exiting air temperature decreased from 13.9 °C to 11.7 °C, 
calculated capacity increased by 27.78 kW, and an estimated HVAC system 
energy cost reduced by 15%. Both the cooling coil and drain pan were visibly 
clean, and had maintained their cleanliness for several years after UV 
installation. The other tested AHU in the hospital also showed similar 
improvements: air velocity increased from 1.8 m/s to 2.4 m/s, and pressure drop 
decreased from 349 Pa to 199 Pa.  
Another case study, conducted in BayView Tower, FL, USA, also illustrated 
substantial improvement in cooling coil performance after retrofitting 24 25-
year-old AHUs with UV lamps. Benefits such as up to 47% increase in airflow, 
decrease in off-coil dew point temperature, and immediate reduction in energy 
costs within one month were reported (UVC lights, 2013). 
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A healthcare facility in Kentucky, USA, due to fouling in a cooling coil, had 
been experiencing difficulties in keeping the cafeteria and kitchen cool enough 
during peak cooling demand in July and August. Instead of replacing the fouled 
coil, the maintenance staff opted to use UV lamps to restore the cooling capacity. 
UV lamps were installed downstream of the cooling coil in September. About 
three months later, the airflow increased from 4.9 m3/s to 6.7 m3/s by 35%, the 
air-side pressure drop decreased from 662 Pa to 172 Pa and the temperature set-
points in the cafeteria and kitchen were satisfied (Kentucky hospital, 2016).  
The above case studies, published in the magazine of Engineered Systems, are 
only a few representatives of trade magazine articles claiming energy-related 
benefits with the use of UV lamps in AHUs. Although the reported savings are 
promising, important details, such as the UV lamp power, output intensity, lamp 
operation mode, coil operation mode, type of chilled water system, coil 
configuration, climatic condition, and instrumentation, are missing. These 
details are crucial for evaluating energy saving potential and conducting life 
cycle analysis. 
Peer-reviewed studies on the effects of UVGI on cooling coil performance are 
quite limited in the existing scientific literature. Firrantello (2016) reported a 
21.7% decrease in pressure drop and a 14.65% increase in overall thermal 
conductance (UA value) after applying a UVGI system in an AHU in Tampa, 
FL in the USA for a period of 14 months. Luongo et al.  (2017) reported a 3.0-
6.4% increase in coil heat transfer effectiveness with the use of UVGI in a 
laboratory tested AHU in Boulder, CO in the USA for a period of about 13 
months, while no statistically significant reduction in pressure drop could be 
found. These are perhaps the only two peer-reviewed studies quantifying the 
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effects of coil irradiation systems on pressure drop and heat transfer. Firrantello 
(2016) also conducted a comprehensive modeling study for different building 
types in different U.S. climates using the experimental results. He reported a 
mean 0.68% savings in total HVAC energy, 0.63% in cooling energy, 3.6% in 
fan energy, and 0.47% in pump energy. Although they are good additions to the 
existing literature related to the energy-related benefits of coil irradiation 
systems, they were not conducted in year-round hot and humid climates. In 
addition, the use of UV lamps to irradiate cooling coils is to inactivate 
microorganisms on coil external surfaces and mitigate air-side biofouling, 
which is directly related to air-side heat transfer coefficient. UA value is a 
lumped term combining both air- and water-side heat transfer coefficient. The 
increase in UA value with the use of UVGI is a result of enhancement in air-
side heat transfer coefficient. The impacts of UVGI on the air-side heat transfer 
coefficient still remains unclear. A summary of studies on disinfection 








Table 2.3: A summary of studies on disinfection performance and energy benefits of coil irradiation systems 















Field Yes Tampa, FL, USA Downstream ‒ Yes Yes 
Kentucky 
hospital (2016) 
Field No Kentucky, USA Downstream Yes ‒ Yes 
Levetin et al. 
(2001) 
















Downstream ‒ ‒ Yes 
Menzies et al. 
(1999) 
Field Yes Montreal, Canada Downstream Yes No ‒ 
Menzies et al. 
(2003) 
Field Yes Montreal, Canada Upstream Yes Yes ‒ 





‒ Yes Yes ‒ 
UVC: Florida 
hospital (2004) 
Field No Florida, USA Downstream Yes ‒ Yes 
UVC lights 
(2013) 
Field No Florida, USA ‒ Yes ‒ Yes 
Note: “‒” means “Not mentioned” 
 46 
 
2.4 Knowledge Gaps 
According to the above literature review, the existence of microbial 
contamination on cooling coil surfaces, its detrimental effects on occupants’ 
health, and the disinfection performance of coil irradiation systems are well 
documented in many different climates in different studies. However, no peer-
reviewed studies (especially field studies) were conducted in a year-round hot 
and humid climate like Singapore (usually with year-round high latent load and 
year-round fully wet coil operating condition), which renders the microbial 
growth on cooling coil surfaces and the corresponding disinfection performance 
of coil irradiation systems still unclear in such climates, particularly given that 
Luongo and Miller (2016) suggested a strong relationship between coil 
operating condition and biofouling distribution on coil surfaces. 
Besides, the only two peer-reviewed studies quantifying the reduction in coil 
pressure drop and enhancement in heat transfer after UV irradiation were 
conducted in Tampa, FL and Boulder, CO in the United States. Although the 
design cooling dry bulb temperature and dehumidification dew point 
temperature for Tampa and Singapore are quite similar, Singapore has a year-
round hotter and more humid climate, which has 6,614 CDD 10 compared to 
4,743 for Tampa. Boulder has a much lower dehumidification dew point 
temperature and fewer CDD 10 (ASHRAE, 2013). The above discrepancy may 
result in different biofouling levels on coil surfaces, and eventually lead to 




Moreover, variations in pressure drop and heat transfer characteristics of 
cooling coils are supposed to affect HVAC energy consumption, including fan 
energy, chilled water pump energy and probably chiller energy. However, no 
peer-reviewed studies, to the author’s knowledge, have quantified the savings 
in HVAC energy consumption with the use of coil irradiation systems in year-
round hot and humid climates. 
The following hypotheses are therefore proposed for year-round hot and humid 
climates: 
1. Coil irradiation systems reduce pressure drop and enhance heat transfer 
characteristics of cooling coils 
2. Coil irradiation systems have the potential to save building energy 
consumption 
3. Coil irradiation systems have both air and surface disinfection benefits 
































CHAPTER 3: EXPERIMENTAL STUDY 
This chapter first describes the selection criteria of fouled cooling coils for the 
experimental study, followed by the selection and installation of coil irradiation 
systems. Secondly, the instrumentation and protocol of both biological and 
energy measurements are detailed. Lastly, the data reduction and uncertainty 
analysis method are presented, followed by results, discussion and conclusion. 
3.1 Methodology 
3.1.1 Experimental Site 
In order to better investigate the effectiveness of coil irradiation systems, real-
world cooling coils with natural fouling are preferred. It is important to ensure 
that the cooling coils under investigation are sufficiently fouled so that the 
effectiveness of coil irradiation systems can be clearly tested. In the meantime, 
it is also very important to eliminate the bias resulting from investigating 
heavily fouled coils. There is no well-defined quantitative standard for defining 
a fouled coil. In this study, cooling coils were selected based on three selection 
criteria: history of odor complaints from occupants served by the coils, visual 
evidence of fouling, and availability of regular maintenance. First of all, the 
facilities managers reported complaints (particularly odor complaints) of 
occupants and expressed interests to explore the causes. Second of all, 
researchers conducted site visit to confirm the visual evidence of coil fouling. 
Lastly, coil with regular maintenance were selected to ensure that the study 
results represent typical coil fouling condition, rather than exaggerating the 
impacts of coil irradiation systems based on the impacts on coils with heavy 
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fouling. Based on the above three criteria, two cooling coils (one in a VAV 
AHU operating in variable speed mode in a biological laboratory, the other one 
in a VAV AHU operating in fixed speed mode in a library) were selected for 
this study. The Laboratory Coil serves bio-labs and research rooms, operating 
24/7 to maintain the indoor thermal environment for the purpose of laboratory 
reagent preservation. The Library Coil serves several reading rooms with rows 
of bookshelves, also operating 24/7 to prevent books from moisture damage. 
Neither coil is heavily fouled. They are maintained according to a regular 
cleaning schedule, with the last maintenance occurring six months prior to the 
beginning of the study. The upstream coil surfaces were visually more 
contaminated than downstream surfaces for both coils, as shown in Figures 3.1 
and 3.2. Coil geometry is summarized in Table 3.1. These two coils have the 
same height, tube pitch, tube dimension and fin spacing, but different width, 





Figure 3.1: Photographs of the Laboratory Coil on upstream (top) and 




Figure 3.2: Photographs of the Library Coil on upstream (top) and 




Table 3.1: Summary of Laboratory and Library Coil geometry 
Parameter Laboratory Coil Library Coil 
Number of rows 8 6 
Number of circuits 76 57 
Number of tubes per row 38 38 
Number of tubes per circuit 4 4 
Fin thickness [mm] 0.115 0.115 
Spacing between fins [mm] 2.425 2.425 
Fins per meter 394 394 
Fin height [mm] 1206.0 1206.0 
Tube length [mm] 1517.0 2543.0 
Outside tube diameter [mm] 12.70 12.70 
Inside tube diameter [mm] 12.02 12.02 
Tube thickness [mm] 0.34 0.34 
Longitudinal tube pitch [mm] 27.50 27.50 
Transverse tube pitch [mm] 31.75 31.75 
 
3.1.2 UVGI Systems 
UV lamps can be installed on the upstream or downstream side or on both sides 
of cooling coils. Positioning UV lamps on both sides may be the best approach 
for coil surface disinfection as radiation from one side only may be greatly 
attenuated before reaching the opposite surface of the coil. Lau et al. (2009) 
showed that UV lamp output was affected by both ambient temperature and air 
velocity. Lee and Bahnfleth (2013) found that, due to higher upstream 
temperature, positioning UVGI systems upstream of cooling coils may lead to 
higher UV lamp output, and subsequently result in less UVGI operating and 
installation costs as compared to downstream installation. However, upstream 
is usually not an appropriate location to install UV lamps due to the following 
practical constraints: 1) Drain pan irradiation. Downstream installation is able 
to irradiate drain pans that are also ideal places for microbial growth; and 2) 
Risk of filter degradation. Continuous exposure to UV radiation may degrade 
the performance of filters, which are made of fabrics. Apart from the above 
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concerns, space on upstream side is too limited to install UV lamps in many 
cases. 
In this study, commercially available coil irradiation systems were installed 
downstream of the cooling coils and above the drain pans. The sizing and 
installation of UV lamps were conducted by the manufacturer based on typical 
industry guidelines. Two low pressure mercury vapor double-ended germicidal 
UV lamps (GTD 40 VO) were in continuous 24/7 operation, producing direct 
UV irradiation at 254 nm wavelength on coil and drain pan surfaces 
simultaneously, as shown in Figure 3.3. The irradiance on the Laboratory Coil 
surface, verified after three months of irradiation, was at an average of 324 
µW/cm2 with the minimum irradiance at the corner being 135 µW/cm2; while 
for the Library Coil, it was verified roughly after four months of irradiation, 
with the average being 371 µW/cm2 and the minimum at the corner being 119 
µW/cm2. During the study, upstream filters in the AHUs were replaced 
according to a regular maintenance schedule (twice a year). Other than UV 
intervention, the air-conditioning systems were operated as usual. UV 
irradiation was the only intervention that could affect the coil performance. 
Therefore, any variation in the coil energy performance after UV intervention 





Figure 3.3: Schematic of coil irradiation systems 
3.1.3 Energy-related Measurements 
Air-side and water-side parameters of the cooling coil such as air flow rate, 
on/off coil temperatures, on/off coil relative humidity, pressure drop, chilled 
water flow rate, fan power, and chilled water supply/return temperatures were 
continuously measured by relevant sensors and recorded by a building 
management system (BMS). Data were logged as 6-min average data.  
The airflow was measured by an electronic thermal dispersion type airflow 
temperature measuring station (AFTMS, EAMP) with a grid of 2 x 2 (2 probes 
with 2 sensors per probe). The mean airflow over the grid was used for further 
calculation of air-side heat transfer rate. The air temperatures upstream and 
downstream of the cooling coil were measured by rigid averaging sensor probes 
fully covered by continuous sensing element (ST-AV81H). The mean air 
temperature was used in the calculation of enthalpy. Water temperature was 
measured by an immersion sensor (ST-W71E-XW). The relative humidity was 
also measured upstream and downstream of the cooling coil using humidity 
transmitters (HMT 120). The pressure drop across the cooling coil was 
measured by using a differential pressure transmitter (CXLdp). The chilled 
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water flow rate was measured with an electromagnetic flow sensor (SITRANS 
F M MAG 5100 W). Table 3.2 summarizes the uncertainties of the measured 
values. 
Energy-related measurements commenced around 3-4 months before turning on 
the UV lamps and continued for 10-11 months subsequently. During the period 
of measurements in this study, for the Laboratory Coil, the ranges of on-coil 
temperature and relative humidity were 21.5°C to 28.0°C and 45% to 81%, 
respectively. For the Library Coil, the ranges were 20.5°C to 24.1°C and 51% 
to 98%. The measurement schedule is summarized in Table 3.3. 
Table 3.2: Summary of the uncertainties of measured values 
Parameter Uncertainty 
Air flow rate [m/s] ±2% of reading 
Air temperature [°C] ±0.15 
Water temperature [°C] ±0.2 
Relative humidity [%] 0-90 : ±1.5; 90-100 : ±2.5 
Pressure drop [Pa] ±0.4% of reading 
Water flow rate [L/s] ±0.25% of reading 
Fan power [kW] ±0.1% of reading 
 
Table 3.3: Summary of the measurement schedule 
UV status Laboratory Coil Library Coil 
Before UV 2013/11/01-2014/02/25 2013/11/01-2014/01/27 
Turning on UV 2014/02/26 2014/01/28 
After UV 2014/02/26-2014/12/31 2014/01/28-2014/12/31 
 
3.1.4 Biological Sampling 
Biological sampling consists of air sampling, coil surface sampling and 
condensate water sampling. Two rounds of “Before UV” biological samplings 
were conducted on a weekly basis before turning on UV lamps, followed by 
five rounds of “After UV” biological samplings at intervals of two weeks with 
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UV on. All the samples were collected during 9-10 am on Wednesdays in an 
attempt to ensure that the AHU operating conditions and indoor activity levels 
were comparable and minimize influence by external factors other than UV 
irradiation. The schedules of biological sampling are listed in Table 3.4. 
Table 3.4: Schedules of biological sampling 




1st “Before UV” 
sampling 




2nd “Before UV” 
sampling 








1st “After UV” 
sampling 




2nd “After UV” 
sampling 
Four weeks after 
UV 
April 9th, 2014 
3rd “After UV” 
sampling 
Six weeks after 
UV 
April 23rd, 2014 
4th “After UV” 
sampling 
Eight weeks after 
UV 
May 7th, 2014 
5th “After UV” 
sampling 





1st “Before UV” 
sampling 




2nd “Before UV” 
sampling 




Turned on UV lamps − 
February 12th, 
2014 
1st “After UV” 
sampling 




2nd “After UV” 
sampling 




3rd “After UV” 
sampling 




4th “After UV” 
sampling 
Eight weeks after 
UV 
April 9th, 2014 
5th “After UV” 
sampling 






3.1.4.1 Air Sampling 
Studies have shown that AHUs running at high air velocity produce non-
isokinetic conditions, resulting in little or no fungal growth on air sample 
cultures (Levetin et al., 2001). For this reason, the AHU fans were switched off 
prior to air sampling. One-minute air samples (110 L/min) were collected at two 
locations in sequence using air IDEAL® 3P™ (BIOMERIEUX, France, Figure 
3.4), with malt extract agar (MEA) plates for viable fungi and tryptic soy agar 
(TSA) plates for viable bacteria (Figure 3.5). They were first collected around 
the first supply air diffuser downstream of the AHU 30 seconds after the AHU 
fan was switched off, and then collected in the outdoor air duct. During air 
sampling, all the personnel kept away from the sampler as far as possible to 
minimize the possible human intervention. The sampling locations are shown 
in Figure 3.6. Although it is preferable to collect air samples from both upstream 
and downstream of cooling coils when evaluating their effects on airborne 
concentration, as previously done by Kemp et al. (2010), Acerbi et al. (2016) 
and Wu et al. (2016), it is challenging in this field test due to the constraint of 
direct access to the immediate upstream and downstream locations. The MEA 
culture plates were kept at room temperature for five days while TSA culture 
plates were incubated at 37 ºC for two days. Colonies from both culture plates 
were counted and concentrations were expressed in Colony Forming Units 




Figure 3.4: Air sampler (AIR IDEAL® 3P™) 
 




Figure 3.6: Air sampling location 
3.1.4.2 Surface Sampling 
After air sampling was completed, the AHU access door was opened and the 
upstream filters were removed for surface sampling from both upstream and 
downstream coil surfaces. Prior to the coil surface sample collection, various 
swabs and techniques were tried to establish an efficient and practical swab 
sampling technique. The conventional cotton head swab samples hermetically 
sealed in a sterile vial, often used for surface swab sampling, were not favored 
as the size of cotton swab head was not able to fit into the 2.425 mm gaps 
between fins of the coils in this study. Synthetic absorbent spear swabs 
(NETWORK MEDICAL, United Kingdom) with spear-shaped sponge 
thickness of 1.5 mm were used in this study (Figure 3.7). These sterile synthetic 
sponge swabs are commonly used in ophthalmology surgeries, have high tensile 




Figure 3.7: Absorbent spear 
 
Figure 3.8: Upstream (left) and downstream (right) view of surface sampling 
grid – Laboratory Coil 
 
Figure 3.9: Upstream (left) and downstream (right) view of surface sampling 
grid – Library Coil 
The coil surface was equally divided into nine zones, forming a 3 x 3 grid, as 
shown in Figures 3.8 and 3.9. The three unlabeled zones were not reachable 
from the access door due to the space constraint within the AHU. A 2 x 3 surface 
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sampling grid on both upstream and downstream sides was considered in this 
study. Surface samples were collected from an area of 3 x 3 cm within each 
zone. The exact locations where surface samples were collected were different 
during different samplings, but were confined in each of the six 3 x 3 cm 
sampling perimeter grid. Absorbent spear swabs were inserted between cooling 
coil fins and drawn back and forth in a wiping fashion for five repetitions. One 
swab sample was collected from each location and a total of six samples were 
collected from both upstream and downstream coil surface for every round of 
sampling. For each sample, the absorption spear tip was cut off using a sterile 
scissor and individually soaked with 3 mL of Butterfield's buffer in transporting 
vials for transport to the laboratory for quantification of fungi and bacteria. In 
the laboratory, the suspension was vortexed for 15 seconds and dilution plated 
on MEA plates and TSA plates for culture of fungi and bacteria, respectively. 
The results provided estimates of total number of viable fungi and bacteria per 
swab, expressed in Colony Forming Units per swab (CFU/swab). 
3.1.4.3 Water Sampling 
Condensate water samples were collected from the condensate drain pan after 
the surface sampling was completed. They were kept in sterile transporting vials 
for transport to the laboratory and dilution plated on MEA plates and TSA plates 
for culture of fungi and bacteria respectively in the laboratory.  
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3.2 Data Reduction 
3.2.1 Energy Data 
The effects of UVGI on coil energy performance can be demonstrated through 
changes in face velocity, pressure drop, air-side heat transfer coefficient, and 
fan power. For cooling coils operating in VAV AHUs in variable speed mode, 
evidence of improvements in coil energy performance include reduced pressure 
drop, reduced fan power, and enhanced air-side heat transfer coefficient. For 
those operating in VAV AHUs in fixed speed mode, indicators of improved 
performance include increased face velocity and enhanced air-side heat transfer 
coefficient. Air-side heat transfer coefficient is not a measured parameter; data 
reduction is required to derive it from measured parameters including coil inlet 
and outlet temperature, relative humidity and air/water flow rate. Although 
pressure drop and fan power are measured parameters, the variations in them 
over the period of study in VAV AHUs operating in variable speed mode render 
them not directly comparable. Regression analysis is used to allow a valid 
“Before UV” and “After UV” pressure drop and fan power comparison under 
the same face velocity. Face velocity is a measured parameter and can be 
compared directly in VAV AHUs operating in fixed speed mode. Variations in 
air-side heat transfer coefficient would also result in changes in other parameters, 
such as water-side temperature difference, water flow rate, and cooling coil 
total/latent cooling capacity, which are also investigated in this study.  
3.2.1.1 Pre-processing of Data 
This is a field study, which enjoys the benefits of capturing the real-world 
fouling conditions, but is associated with significant data noise. A proper pre-
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processing of data is required to eliminate irrelevant and unrealistic data before 
proceeding to data reduction. A first glimpse of the raw velocity data in the 
Laboratory and Library Coil can be seen in Figures 3.10 and 3.11, respectively. 
 
Figure 3.10: Percentile of raw face velocity (top) and water velocity data 




Figure 3.11: Percentile of raw face velocity (top) and water velocity data 
(bottom) – Library Coil 
As can be seen in Figures 3.10 and 3.11, compared with the Laboratory Coil, 
the face velocity and water velocity in the Library Coil is extremely low. 
According to the AHRI Standard 410-2001 (AHRI, 2001), the face velocity and 
water velocity range of standard rating conditions for chilled water cooling coils 
are 1 to 4 m/s and 0.3 to 2.4 m/s, respectively. Nearly 100% of the Laboratory 
Coil data are within the ranges, while almost all Library Coil data are below the 
ranges. The extremely low water and air velocities in the Library Coil imply 
that it is an oversized coil. The operation of this coil is so far outside of what is 
considered normal operating characteristics that the results are not very relevant. 
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In addition, the AHRI Standard 410-2001 also emphasizes that the predicted 
coil heat transfer performance may show variations when the water velocity in 
tubes is below the recommended range. Therefore, heat transfer analysis would 
not be conducted for the Library Coil. Changes in face velocity will be evaluated. 
For the Laboratory Coil, both pressure drop and heat transfer analysis would be 
conducted. 
There are three steps during data pre-processing. The first step is to remove zero 
or negative values, which may be collected during AHU shutdown or result 
from sensor signal transmission problems. The second step is to remove 
additional unrealistic data, such as leaving air temperature higher than entering 
air temperature, or chilled water return temperature lower than chilled water 
supply temperature. For the Library Coil, as can be seen in Figure 3.11, there is 
a sharp break at around 0.46 m/s at the lower end and another sharp break at 
around 0.64 m/s at the higher end. The third step is to remove data beyond two 
breaks. Data pre-processing removes around 2% of the total data points. For the 
Laboratory Coil, the third step is to remove data that result in extremely high or 
low overall UA values (the definition of overall UA is explained in Section 
3.2.1.2). For example, data collected when a chiller was off or a pump was just 
turned on may result in extremely low overall UA values; while data collected 
during periods of significant water-side flow rate fluctuation may result in 
extremely high UA values. These extreme values were collected during extreme 
or unsteady operating conditions and should be removed to refine the data set 
so that it can better represent normal operating conditions. 
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3.2.1.2 Heat Transfer Data 
This section consists of four parts: 1. Heat and mass transfer model in cooling 
coils; 2. Inverse cooling coil model; 3. Air-side heat transfer coefficient; and 4. 
Chilled water flow rate and water-side temperature difference. The inverse 
cooling coil model is based on a heat and mass transfer model developed in part 
1. The overall UA and air-side UA generated in part 2, along with Effectiveness-
NTU method, are used to calculate leaving air temperature and relative humidity 
for use in part 3 to calculate air-side heat transfer coefficient. The air-side UA 
generated in part 2 along with Effectiveness-NTU method, are used to calculate 
leaving air relative humidity for use in part 4 to calculate chilled water flow rate 
and water-side temperature difference. 
Heat and Mass Transfer Model in Cooling Coils 
In chilled water cooling coils, dry-bulb temperature difference is the driving 
force of sensible heat transfer from hot air to chilled water. However, it is more 
common, especially in a hot and humid climate that mass transfer (condensation) 
occurs when the coil surface temperature is lower than the air dew-point 
temperature. A water film will form on the coil surface. Figure 3.12 depicts the 





Figure 3.12: Schematic of heat and mass transfer in wet cooling coils (Kuehn 
et al., 1998) 
The following assumptions are made when analyzing heat and mass transfer in 
wet cooling coils: 
 The conductive thermal resistance in tubes and condensate is negligible 
compared to air- and water-side convective thermal resistance. 
 The contact resistance between the tubes and the fins is negligible. 
 The air-side heat and mass transfer coefficients are constant through the 
coil. 
 No heat loss to the environment. 
The total heat transfer from the air to an incremental area on coil surface can be 
expressed as: 
[ ( ) ( ) ]a a condensation m a condensation fgdq h T T h W W h dA                     (3.1) 
where q  is the coil heat transfer rate, ah  is the air-side heat transfer coefficient, 
aT  is the air dry-bulb temperature, condensationT  is the condensate temperature, mh  
is the mass transfer coefficient, aW  is the air humidity ratio, condensationW  is the 
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saturated humidity ratio at condensate temperature, fgh  is the enthalpy of 
vaporization. 
The heat transfer coefficient is related to the mass transfer coefficient through 









                                            (3.2) 
where ,p ac  is the specific heat of air, Le  is the Lewis number. 
Over a small temperature range, the air enthalpy can be approximated as: 
,a p a a a fgi c T W h                                            (3.3) 
where ai  is the air enthalpy. 
Combining Equations 3.1-3.3, the air-side dq  can be expressed as: 
2/3
,
[( ) ( ) (1 )]a a condensation condensation a fg
p a
h
dq i i W W h Le dA
c
           (3.4) 
Where condensationi  is the saturated air enthalpy at condensate temperature. 
The second term in the brackets is very small compared to the term 
( )a condensationi i . Thus, after dropping the second term, the air-side dq  can be 
approximated as: 
,
( )a a condensation
p a
h
dq i i dA
c
                                  (3.5) 
The total heat transfer from the chilled water to an incremental area on the tube 
internal surface can be expressed as: 
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( )w condensation wdq h dA T T                                     (3.6) 
where wh  is the water-side heat transfer coefficient, wT  is the chilled water 
temperature. 
Over a small range of temperatures, the saturation enthalpy can be expressed as 
(Brandemuehl et al., 1993; Kuehn et al., 1998): 
s si T                                                 (3.7) 
Where si  is the enthalpy of saturated moist air, sT  is the temperature of 
saturated moist air,   and   are the coefficients. 
Hence, the water-side dq  can be expressed as: 
,





                                     (3.8) 
where wi  is the saturated air enthalpy at chilled water temperature. ,p satc  is an 
effective specific heat capacity of saturated air, defined by Equation 3.9 




a in dp w in
p sat







                                      (3.9) 
where , ,a in dpi  is the saturated air enthalpy at dew-point temperature of entering 
air, , ,a in dpT  is the dew-point temperature of entering air, ,w ini  is the saturated air 




The total heat transfer from air to water through a differential area can be 
expressed as: 
( )a wdq UdA i i                                        (3.10) 
Where U  is the overall heat transfer coefficient for cooling and dehumidifying 
coils. 
Combining Equations 3.5, 3.8 and 3.10, Equation 3.11 can be derived.  
, ,1 p sat p a
w i o a o
c c
UA h A h A









 is the 





 is the air-side thermal resistance. Air-
side and water-side thermal resistances are in series. o  is the overall fin 
efficiency. iA  is the total internal tube surface area. oA  is the total outside 
surface area consisting of the tubes and fins. 
The above equation successfully relates overall enthalpy-based UA to air-side 
temperature-based UA ( o a oh A ) and water-side temperature-based UA ( w ih A ). 
It is the basis of the Simple Cooling Coil (CCSIM) model presented in 
ASHRAE HVAC 2 Toolkit to simulate coils when detailed geometrical data are 
not available (Brandemuehl et al., 1993). 
Inverse Cooling Coil Model 
Air-side UA and water-side UA are respectively dependent on air flow rate and 
water flow rate, making overall UA a function of coil inlet conditions. In order 
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to simulate yearly energy consumption, it is necessary to know overall UA at 
different operating conditions. However, the overall UA at a rating condition is 
usually the only UA available before simulation. Wetter (1999) developed a 
conversion method to convert UA from a reference condition to different 
operating conditions for the purpose of energy simulation, which is currently 
used by EnergyPlus (U.S. Department of Energy, 2014). The conversion 
procedure is as follows: 
1. Calculate the air-side correction factor ax  and water-side correction factor 
wx  (Equations 3.12 and 3.13). 
2. Calculate the air- and water-side temperature-based UA at different 
operating conditions (Equations 3.14 and 3.15). 
3. Calculate the overall enthalpy-based UA at different operating conditions 
(Equation 3.11). 
The air-side and water-side correction factor account for the variation of air and 
water thermal properties, respectively. 
3
, ,1 , ,01 4.769 10 ( )a a in a inx T T
                             (3.12) 
               , ,1 , ,0
, ,0
0.014
1 ( )( )
1 0.014






                      (3.13) 
Where ax  is the air-side correction factor, wx  is water-side correction factor, 
,a inT  is the entering air temperature, and ,w inT  is the chilled water supply 




The air-side UA and water-side UA at operating conditions can be converted 





( ) ( ) ( )
a
o a o a o a o
a
m
h A x h A
m
                                (3.14) 




( ) ( ) ( )
w
w i w w i
w
m
h A x h A
m
                                 (3.15) 
Where am  is the air mass flow rate and wm  is the water mass flow rate. 
It is to be noted that Equation 3.15 only applies to turbulent flow on water-side 
(Schack, 1965).  The Laboratory Coil has a turbulent flow on the water side 
during the period of study, as shown in Figure 3.13. 
 
Figure 3.13: Water-side Reynolds number – Laboratory Coil 
Unlike in coil performance tests in a laboratory setting, where coil entering 
conditions can be controlled, there is no control over coil entering conditions in 
this field test, which makes a “Before UV” and “After UV” comparison of coil 
heat transfer performance under the same operating condition somewhat 
challenging. In order to evaluate the change in coil heat transfer performance at 
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the same condition before and after UV intervention, the above model is 
inversely applied to calculate overall UA at a reference condition, given overall 
UA at different operating conditions. Firrantello et al. (2016) successfully 
converted UA values at varying operating conditions to a single UA value at a 
reference condition using the inverse coil model. 
At operating conditions, the overall enthalpy-based UA can be determined from 
measured data using log mean enthalpy difference method, described in 
Equations 3.16 and 3.17. 







                                      (3.16) 
Definition of log mean enthalpy difference: 
, , , ,
, ,
, ,
( ) ( )
ln
a in w out a out w in
a in w out
a out w in








                        (3.17) 
where q  is the heat transfer rate of the cooling coil, LMED  is the log mean 
enthalpy difference, ,a ini  is the entering air enthalpy, ,a outi  is the leaving air 
enthalpy, ,w ini  is the saturated air enthalpy at chilled water supply temperature, 
,w outi  is the saturated air enthalpy at chilled water return temperature and F  is 
the correction factor for flow arrangement. Coils with two or more rows can be 
considered as counter flow heat exchangers for which the correction factor F  
is unity (Wetter, 1999). Enthalpy is calculated based on the procedures in the 
Psychrometrics Chapter of the ASHRAE Handbook of Fundamentals 
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(ASHRAE, 2013). It is to be noted that F  is dimensionless, heat transfer rate 
q  has a unit of kW and LMED  has a unit of kJ/kg. Hence, the unit of overall 
UA is kW/(kJ/kg), representing the rate of heat transfer per unit log mean 
enthalpy difference. After unit conversion, kW/(kJ/kg) is reduced to kg/s. kg/s 
is used as the unit of the overall enthalpy-based UA in this thesis for 
simplification purpose. 
When the flow on water-side is turbulent, the water-side heat transfer coefficient 
wh  is calculated using the Gnielinski correlation (Gnielinski, 1976), which is 
valid for smooth tubes over a large Reynolds number range including the 
transition region. It is valid for 0.5≤ Pr ≤2000 and 3000≤ Re ≤5 x 106. 
                 
2/3
(Re 1000)Pr( / 2)
( )










                              (3.18) 
where iD  is the inside tube diameter, Pr  is the Prandtl number, Re  is the 
Reynolds number defined in Equation 3.19, if  is the friction factor defined in 
Equation 3.20, and wk  is the thermal conductivity of water. 
Re /
iD w w i w
u D                                          (3.19) 
                        
2(1.58ln(Re ) 3.28)
ii D
f                                      (3.20) 
Where w  is the density of water, wu  is the water velocity and w  is the 
dynamic viscosity of water. 
After knowing the overall UA and water-side UA, the air-side UA at operating 
conditions can be obtained from Equation 3.11, and the UA value at the 
reference condition can be calculated according to the above conversion 
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procedure. Every measurement can generate an overall UA and an air-side UA 
at the reference condition. Their mean values are used for the following analysis. 
In order to investigate the effects of the coil irradiation system at different face 
velocities, four reference conditions with different face velocities were selected 
for the Laboratory Coil, as listed in Table 3.5 
Table 3.5: Reference conditions for air-side heat transfer coefficient calculation 
for the Laboratory Coil 
Parameter Value 
Entering air temperature [°C] 26.7 
Entering air relative humidity [%] 50.8 
Chilled water supply temperature [°C] 7 
Chilled water flow rate [L/s] 5.118 
Face velocity [m/s] 1.5, 2, 2.5, 3 
 
Air-side Heat Transfer Coefficient 
After UA value at a given reference condition is determined, the chilled water 
return temperature ,w outT  and leaving air enthalpy ,a outi  can be determined by 
Equations 3.16-3.17 and 3.21-3.23. 
First law of thermodynamics for air-side of coil:                          
, ,( )a a a in a outq m i i                                        (3.21) 
First law of thermodynamics for water-side of coil:    
 , , ,( )w p w w w out w inq c m T T                                    (3.22) 
Steady-state equality of air- and water-side heat transfer: 
a wq q q                                              (3.23) 
where aq  is the air-side heat transfer rate, wq  is the water-side heat transfer rate 
and ,p wc  is the specific heat capacity of water.  
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Given the leaving air enthalpy ,a outi  and noting that the condensation enthalpy 
for wet coil is nearly constant, the condensation enthalpy can be calculated using 





a out a in








                                (3.24) 










                                         (3.25) 
Knowing the enthalpy of condensation on coil surface, the condensate 
temperature condensationT  is calculated using the equations in the Psychrometrics 
Chapter of ASHRAE Handbook of Fundamentals (ASHRAE, 2013). The 
leaving air temperature ,a outT  can be determined using Equation 3.26 
(Brandemuehl et al., 1993; Brandemuehl and Bradford, 1988). 
, , ,( )(1 )
aNTU
a out a in a in condensationT T T T e
                         (3.26) 
The leaving air relative humidity ,a outRH  can be determined subsequently from 
,a outi  and ,a outT . Once coil entering and leaving conditions are known, the air-
side heat transfer coefficient can be calculated. 
In dehumidifying conditions, heat transfer between coil surfaces and air consists 
of sensible heat transfer and latent heat transfer. It is expressed as: 
             1 ,[ ( ) ( )]s o o a a fb m fg a s fbq q q A h T T h h W W                     (3.27) 
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where sq  is the sensible heat transfer rate, lq  is the latent heat transfer rate, o  
is the overall surface efficiency, oA  is the total surface area, aT  is the air dry-
bulb temperature, fbT  is the fin base temperature, aW  is the air humidity ratio, 
,s fbW  is the saturated humidity ratio at fin base temperature, fgh  is the enthalpy 
of vaporization, ah  is the heat transfer coefficient, and mh  is the mass transfer 
coefficient. 
The overall fin efficiency o  is a function of total surface area, tube surface area, 
fin surface area and wet fin efficiency: 
                         ,( ) /o t f wet f oA A A                                    (3.28) 
where tA  is the tube surface area, fA  is the fin surface area, ,f wet  is the wet 
fin efficiency. 
Heat transfer coefficient and mass transfer coefficient are correlated through the 
Lewis relation in Equation 3.2. A Lewis number of unity is used in the following 
analysis (Braun, 1988). 
From Equations 3.27 and 3.28, the air-side heat transfer coefficient can be 
expressed as: 
1 , 2 ,2/3
,
( )[( ) ( )]
a
fg
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                                            (3.34) 
where fk  is the thermal conductivity of fin, f  is the fin thickness, a  and g  
are the coefficients, ir  and or  are the equivalent circular fin inner and outer 
radius, respectively. For fully wet fins, coefficient a  and g  can be determined 
from Equations 3.35 and 3.36 based on fbT  and ftT . For partially wet fins, a  
and g  can be determined by fbT  and entering air dew-point temperature , ,a in dpT . 
ftT  can be calculated by Equation 3.37. In this study, the fins are fully wet under 
all reference conditions.  
,s f fW a gT                                           (3.35) 
2 3 3
, (3.7444 0.3078 0.0046 0.0004 ) 10 ,0 30s f f f f fW T T T
     ≤T≤ ℃       
   (3.36) 
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 




        (3.37) 
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Coefficients a , g , and fin tip temperature ftT  are determined by trial and error. 
The trial and error procedure to calculate the air-side heat transfer coefficient 
sh  is given as follows: 
1. Assume a fin tip temperature ftT . 
2. Assume a wet fin efficiency ,f wet . 
3. If , ,ft a in dpT T , coil is fully wet, a  and g  can be determined by Equations 
3.35 and 3.36 according to fbT  and ftT ; if , ,fb a in dp ftT T T  , coil is partially 
wet, a  and g  can be determined according to fbT  and , ,a in dpT . 
4. Calculate air-side sensible heat transfer coefficient ah  by Equation 3.29. 
5. Calculate ,f wet  at ah  in step 4 by Equation 3.30. 
6. If the calculated ,f wet  in step 5 is equal to the assumed ,f wet  in step 2, 
calculate ftT  by Equation 3.37. If the calculated ,f wet  in step 5 is not equal 
to the assumed 
,f wet  in step 2, steps 4-5 will be repeated with the ,f wet  
obtained in step 5 until 
,f wet  is constant. 
7. If the calculated 
ftT  in step 6 is equal to the assumed ftT  in step 1, the 
calculated ah  in step 4 is the final result; if the calculated ftT  in step 6 is 
not equal to the assumed 
ftT  in step 1, steps 3-7 will be repeated with the 
ftT  and ,f wet  obtained in step 6 until both ftT  and ,f wet  are constants. 
Chilled Water Flow Rate and Water-side Temperature Difference 
In VAV AHUs, the chilled water flow rate in the coil is modulated to maintain 
a constant supply air temperature set-point. Air-side fouling acts as additional 
thermal insulation on coil surfaces and impedes heat exchange between air and 
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coils. Under fouled conditions, increased chilled water flow rate is required to 
keep leaving air at set-point temperature, which may result in more pump energy 
consumption and cause low ∆T syndrome. In order to investigate the effects of 
coil irradiation systems on reducing chilled water flow rate, the “Before UV” 
and “After UV” comparisons of the required chilled water flow rate to maintain 
the same leaving air set-point temperature were conducted at the following 
reference conditions listed in Table 3.6. 
Table 3.6: Reference conditions for chilled water flow rate calculation for the 
Laboratory Coil 
Parameter Value 
Entering air temperature [°C] 26.7 
Entering air relative humidity [%] 50.8 
Chilled water supply temperature [°C] 7 
Leaving air temperature [°C] 11.4 
Face velocity [m/s] 1.5, 2, 2.5, 3 
 
Given the leaving air set-point temperature and the air-side UA values obtained 
at the same reference entering air conditions in the above section, the condensate 
temperature can be calculated using Equation 3.26 and the corresponding 
condensation enthalpy can be calculated using the equations in the 
Psychrometrics Chapter of ASHRAE Handbook of Fundamentals (ASHRAE, 
2013). The leaving air enthalpy can be calculated using Equation 3.24. The 
water-side heat transfer coefficient is calculated using Equations 3.18-3.20. 
Hence, the chilled water flow rate and the chilled water return temperature can 
be calculated by combining thermal resistance balance equation (Equation 3.11), 




3.2.1.3 Pressure Drop, Fan Power, and Face Velocity Data 
A classic power law relationship was employed to correlate pressure drop and 
fan power with face velocity for the Laboratory Coil, as shown in Equations 
3.38 and 3.39, respectively. The regression results make it possible to quantify 
the effectiveness of coil irradiation systems in reducing pressure drop and fan 
power at different face velocities. 
c
aP bu                                               (3.38)  
                             eaW du                                               (3.39) 
where au  is the face velocity, P  is the air-side pressure drop, W  is the fan 
power, , , ,b c d e  are the coefficients. 
For the Library Coil, “Before UV” and “After UV” comparisons of the average 
face velocity were conducted to demonstrate the impacts of UVGI on coil face 
velocity. 
3.2.1.4 Uncertainty Analysis 
Uncertainties in overall UA and air-side UA are calculated through error 















                               (3.40) 
where 
iX
E  is the uncertainty in a measured variable iX , R  is the function of 
the measured variables, and RE  is the uncertainty in the calculated variable. 
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Different operating conditions may lead to different uncertainties of overall UA 
at the reference condition. Once the uncertainty of every overall UA is 
determined, the uncertainty of the mean of overall UA can be determined using 
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                                       (3.44) 
The method of calculating the uncertainty of the mean of air-side UA is the 
same as that used for overall UA. 
For air-side heat transfer coefficient, chilled water flow rate, and other 
parameters derived from overall UA and air-side UA, since it is too complex to 
analytically evaluate partial derivatives, their uncertainties are evaluated based 












                                        (3.45) 
where iC  is the contribution to the uncertainty RE  in the calculated variable  




1. Calculate the result R  according to the recorded data. Store the value as 
0R . 
2. For the ith variable iX , increase its value by its uncertainty iXE  and 
calculate the result iR  using the augmented value of the i
th variable with 
all other variables at their recorded values. The difference 0iR R  is 
stored as iC .  
3.2.2 Biological Data 
A straightforward “Before UV” and “After UV” comparison of the raw 
biological data was employed to demonstrate the disinfection performance of 
coil irradiation systems. As mentioned in Macher (1996) and Wilson et al. 
(2007), the results of swab sampling technique could be subject to variations. 
In view of this consideration, surface samples in this study were collected only 
for the purpose of identifying microbial growth, instead of quantifying 
contamination levels. In a similar manner, according to Kemp et al. (2003), air 
samples collected at limited locations in sequence and water samples were only 
used to show whether there were culturable microorganisms in air and 
condensate water, instead of quantifying the air and water disinfection 
performance. Hence, no further data reduction such as statistical analysis was 
conducted. 
3.3 Results 
This section covers the results of the experimental study based on two different 
coils in Singapore. The results are reported in the form of “Before UV” and 
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“After UV” comparisons of heat transfer, pressure drop, fan power, face 
velocity, and disinfection performance. 
3.3.1 Heat Transfer 
3.3.1.1 Laboratory Coil 
The “Before UV” and “After UV” comparison of overall UA values at the 
reference condition with 2.5 m/s face velocity is shown in Figures 3.14 and 3.15. 
Comparisons of overall UA values under other face velocities are similar, and 
therefore are included in Appendix A (Figures A.1-A.3). It can be observed in 
Figure 3.14 that there is a sharp break at around 6.5 kg/s at the lower end, and 
another sharp break at around 11.5 kg/s at the higher end for both “Before UV” 
and “After UV” distribution. The extreme values at the upper end are associated 
with higher-than-normal chilled water flow rate, which may be collected during 
periods of significant water-side flow rate fluctuation. The extreme values at the 
lower end are associated with very high chilled water supply temperature, which 
may be collected when a chiller was off or a pump was just turned on. These 
extreme values were collected during extreme or unsteady operating conditions 
and should be removed to refine the data set so that it can better represent normal 
operating conditions (Figure 3.15). The outlier elimination removed around 0.7% 
of the total data points. After outlier removal, the mean overall UA value 
increases from 8.17 kg/s to 8.92 kg/s by approximately 9.2% at the reference 




Figure 3.14: “Before UV” and “After UV” comparison of overall UA at the 
reference condition with 2.5 m/s face velocity before outlier removal – 
Laboratory Coil 
 
Figure 3.15: “Before UV” and “After UV” comparison of overall UA at the 
reference condition with 2.5 m/s face velocity after outlier removal – 
Laboratory Coil 
Similar to the overall UA value, Figures 3.16 and 3.17 represent “Before UV” 
and “After UV” comparison of air-side UA values at the reference condition 
with 2.5 m/s face velocity. The air-side UA value increases from 16.84 kW/K 
to 19.14 kW/K by approximately 13.7% with the use of coil irradiation system. 
Comparisons of air-side UA values under other face velocities are included in 




Figure 3.16: “Before UV” and “After UV” comparison of air-side UA at the 
reference condition with 2.5 m/s face velocity before outlier removal – 
Laboratory Coil 
 
Figure 3.17: “Before UV” and “After UV” comparison of air-side UA at the 
reference condition with 2.5 m/s face velocity after outlier removal – 
Laboratory Coil 
Although there is a clear increase in overall UA and air-side UA with the use of 
the coil irradiation system, the “After UV” data are treated together and cannot 
reflect monthly variation. In order to evaluate the time series effects of the coil 
irradiation system on coil heat transfer, the “After UV” data are divided into ten 
different one-month groups. The monthly variations of overall UA and air-side 
UA at the reference face velocity of 2.5 m/s are demonstrated in Figures 3.18 
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and 3.19, respectively. Month 0 represents “Before UV” data, month 1-10 
represent the monthly “After UV” data. The variation patterns are similar under 
other face velocities and, therefore, are included in Appendix A (Figures A.7-
A.9). At first glance, overall UA and air-side UA follow the same pattern, which 
is not unexpected given that UVGI results in enhancement in air-side heat 
transfer due to air-side fouling mitigation, which consequently improves overall 
heat transfer. In addition, there is a distinct increase in both overall UA and air-
side UA over the first month with UV on. In the following months, although 
there are several reductions in both overall UA and air-side UA even with the 
UV on, all of them are above the “Before UV” levels. A plausible explanation 
for the reductions is the accumulation of particulate fouling on coil surfaces 
even with UVGI in operation.  
 





Figure 3.19: Monthly variation of air-side UA at the face velocity of 2.5m/s – 
Laboratory Coil 
The uncertainties of monthly overall UA and air-side UA at the face velocity of 
2.5 m/s illustrated in Figures 3.18 and 3.19 are summarized in Table 3.7. Their 
uncertainties under other face velocities are listed in Appendix A (Table A.1). 
These small uncertainties, calculated using the method outlined in Section 
3.2.1.4, are due to the fact that the mean of multiple measurements of a given 
quantity will converge to the expected value regardless of the uncertainty of the 
individual measurement due to the law of large numbers. The least number of 
measurements (excluding outliers) for a single month is around 5500. 
Table 3.7: Uncertainties of monthly overall and air-side UA at the face velocity 
of 2.5 m/s – Laboratory Coil 
Month 
Uncertainty 
Overall UA (%) Air-side UA (%) 
0 0.093 0.369 
1 0.191 0.681 
2 0.175 0.472 
3 0.169 0.492 
4 0.172 0.492 
5 0.155 0.433 
6 0.166 0.686 
7 0.174 0.680 
8 0.168 0.475 
9 0.232 0.750 
10 0.147 0.396 
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UV lamp efficiency degrades with use. UV manufacturers recommend to 
replacing UV lamps every 12 months to maintain their optimum efficiency. 
Despite the above monthly variation of overall UA and air-side UA, the focus 
should be put on the overall impact throughout their lifespan. In the follow 
analysis, the “After UV” data are treated as a single group in an attempt to reflect 
the overall impact of UV over ten months’ time. Figures 3.20 and 3.21 
respectively present a summary of changes in overall UA and air-side UA due 
to UV intervention after outlier removal under different face velocities. Overall 
UA and air-side UA values increase with increasing face velocity, with “After 
UV” UA values consistently higher than “Before UV” UA values within the 
face velocity range of 1.5-3.0 m/s. The percentage change in overall UA varies 
within a very small range, from 8.8-10.2%; the increase in air-side UA values 
is around 13.7%, almost independent of face velocities. 
 
Figure 3.20: “Before UV” and “After UV” comparison of overall UA at 




Figure 3.21: “Before UV” and “After UV” comparison of air-side UA at 
different face velocities – Laboratory Coil 
In Figure 3.22, a similar consistently increasing trend of air-side heat transfer 
coefficient can be observed after UV intervention. In contrast to the overall and 
air-side UA value for which relative enhancement does not vary significantly 
with face velocity, the enhancement in air-side heat transfer coefficient is more 
significant at a higher face velocity. It ranges from 11.8% at the face velocity of 
1.5 m/s to 20.1% at 3.0 m/s.  
 
Figure 3.22: “Before UV” and “After UV” comparison of air-side heat 
transfer coefficient at different face velocities – Laboratory Coil 
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Due to the enhanced heat transfer, restoring the lost cooling capacity of cooling 
coils is another benefit of coil irradiation systems. Although the overall UA 
values improve by 8.8-10.2%, they only translate into 3.3-3.8% increase in total 
cooling capacity and 4.5-5.7% increase in latent cooling capacity, as 
respectively illustrated by Figures 3.23 and 3.24. Although the demonstrated 
ability to restore the cooling capacity for this coil is limited, these results 
correlate well with a less than 5% degradation of coil cooling capacity after 
fouling reported by Siegel (2002). It is to be noted that the coil under 
investigation is not a heavily fouled coil. For coils without regular maintenance, 
they may become heavily fouled and the improvements can be more significant. 
In addition, the improvements may become considerable for marginal systems, 
as pointed out by Siegel (2002). 
 
Figure 3.23: “Before UV” and “After UV” comparison of total cooling 




Figure 3.24: “Before UV” and “After UV” comparison of latent cooling 
capacity at different face velocities – Laboratory Coil 
In fouled conditions, heat transfer between air and water is impeded. Higher 
chilled water flow rate is required to maintain the same supply air temperature, 
which results in lower water-side temperature difference and may eventually 
lead to low △T syndrome. Low △T syndrome is a common and serious problem 
that may degrade building energy efficiency (Fiorino, 1999; Gao et al., 2012; 
Gao et al., 2016; Taylor, 2002). Among possible causes that may lead to low 
△T syndrome, coil air-side fouling is the typical one. Taylor (2002) even 
considered it as an unavoidable cause of low △T syndrome with the use of 
cooling coils.  
In this study, as illustrated in Figures 3.25-3.27, the reduction in chilled water 
flow rate and increase in water-side temperature difference are consistent within 
the face velocity range of 1.5 m/s to 3 m/s after UV intervention. Chilled water 
flow rate decreases by 8.0-11.9% and the water-side temperature difference 
increases by 0.4-0.6 °C, indicating that coil irradiation systems are able to 
reduce the risk of low △T syndrome through air-side biofouling mitigation, and 
have the potential to save pump energy. By applying coil irradiation system in 
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AHUs as a supplement for good upstream filtration, air-side fouling may no 
longer be an unavoidable cause of low △T syndrome. 
 
Figure 3.25: “Before UV” and “After UV” comparison of chilled water flow 
rate at different face velocities – Laboratory Coil 
 
Figure 3.26: “Before UV” and “After UV” comparison of chilled water return 




Figure 3.27: “Before UV” and “After UV” comparison of water-side 
temperature difference at different face velocities – Laboratory Coil 
Using the uncertainty analysis method detailed in Section 3.2.1.4, the 
uncertainties of derived values (when “Before UV” and “After UV” data are 
treated as two different groups) are shown in Table 3.8. Again, the small 
uncertainties are due to the fact that the mean of multiple measurements of a 
given quantity will converge to the expected value regardless of the uncertainty 
of the individual measurement due to the law of large numbers. The “Before 










Table 3.8: Uncertainties of derived values – Laboratory Coil 
Parameter 
Uncertainty (Before UV) Uncertainty (After UV) 
Min Max Min Max 
Total cooling 
capacity [kW] 
0.034% 0.039% 0.020% 0.021% 
Latent cooling 
capacity [kW] 




0.130% 0.159% 0.075% 0.106% 
Chilled water flow 
rate [L/s] 
0.245% 0.375% 0.091% 0.138% 
Chilled water return 
temperature [°C] 
0.012°C 0.016°C 0.005°C 0.007°C 
Water-side ∆T[°C] 0.012°C 0.016°C 0.005°C 0.007°C 
Overall UA [kg/s] 0.076% 0.113% 0.046% 0.064% 
Air-side UA 
[kW/K] 
0.329% 0.333% 0.163% 0.164% 
 
3.3.1.2 Library Coil 
As explained in Section 3.2.1.1, the Library Coil is an oversized coil with face 
velocity and tube-side water velocity below the ranges of standard rating 
conditions for chilled water cooling coils recommended by AHRI Standard 410-
2001. The operation of this coil is so far outside of what is considered normal 
that the results would not be considered very relevant. In addition, the AHRI 
Standard 410-2001 also emphasizes that the predicted coil heat transfer 
performance may show variations when the water velocity in tubes is below the 




3.3.2 Pressure Drop, Fan Energy and Face Velocity 
3.3.2.1 Laboratory Coil 
In Figure 3.28, a distinct reduction in pressure drop occurs after UV intervention. 
This is attributed to an increase in the free flow area of the cooling coil with the 
biofouling being reduced due to the germicidal effects of UVGI, and 
consequently, the pressure drop being reduced. Around 26,500 and 67,500 data 
points are considered for “Before UV” and “After UV” regression analysis, 
respectively. The confidence level for the regression analysis is 95%. The 
regression results are reasonable for a field test with R2 being 0.88 and 0.95 for 
“Before UV” and “After UV” regression, respectively. At the reference face 
velocity of 2.5 m/s, the pressure drop decreases by about 12.4%, from 50.7 Pa 
to 44.4 Pa. Over the face velocity range of 1.5‒3.0 m/s, the pressure drop 
decreases by 11.6‒14.6%. 
 
Figure 3.28: Pressure drop vs. face velocity – Laboratory Coil 
Although a clear and distinct reduction in pressure drop can be observed after 
UV intervention, the “After UV” regression line represents the average 
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condition over ten months. In order to differentiate the effects of the coil 
irradiation system at different stages, the “After UV” data are divided into ten 
different one-month groups. The regression coefficients and R2 for all 
regression lines are listed in Appendix A (Table A.2). The monthly variations 
of pressure drop at the reference face velocity of 2.5 m/s are demonstrated in 
Figure 3.29. Month 0 represents “Before UV” data, month 1-10 represent the 
monthly “After UV” data.  
 
Figure 3.29: Monthly variation of pressure drop at the face velocity of 2.5m/s 
– Laboratory Coil 
As can be seen in Figure 3.29, a drastic reduction in pressure drop occurs over 
the first month with UV, which is in good agreement with the significant 
reduction in overall and air-side UA over the same period. Although there are 
several increases in pressure drop over the following months, pressure drop 
follows an overall decreasing trend. The increases in pressure drop even with 
UV on are speculated to be caused by non-biological fouling accumulation, 
which is not taken care of by UV irradiation. Although upstream filters can filter 
out dust and particulate matter, non-biological fouling may still accumulate on 
coil surfaces, especially when the filter efficiency degrades with use. When the 




effects of particulate fouling accumulation on pressure drop are more significant 
than that of biofouling mitigation, the pressure drop is expected to increase even 
with UV on. When the effects of non-biofouling accumulation on pressure drop 
are less significant than that of biofouling mitigation, the pressure drop is 
expected to decrease even with non-biological fouling accumulation. 
It is, however, to be noted that the reduction in pressure drop and increase in 
UA values are not concurrent for some of the “After UV” months, as illustrated 
in Figure 3.30. For example, both UA and pressure drop increase over the third 
month with UV. This may be explained by the different susceptibility of coil 
energy performance to different types of fouling (Ahn et al., 2003; Ben and 
Groll, 2011; Bergman et al., 2011; Pak et al., 2003; Pu et al., 2009; Siegel, 2002; 
Yang et al., 2007). Fin edges are the dominant locations where particulate matter 
fouling deposition occurs (Pak et al., 2003; Siegel, 2002; Yang et al., 2007). 
They are very important for pressure drop, but not particularly important for 
heat transfer (Siegel, 2002) due to little impact on the surface temperature 
profile (Bergman et al., 2011) and very small heat transfer area relative to the 
whole coil cooling heat transfer area. However, biofouling could distribute 
dispersedly on coil fin surfaces (Pu et al., 2009) and insulate a much larger 
portion of heat transfer area compared to particulate fouling. The concurrent 
non-biological fouling accumulation and biofouling mitigation may result in 
different combinations of fluctuations in pressure drop and heat transfer, 
depending on which one plays a more significant role. When the biofouling 
mitigation has a larger impact on heat transfer than particulate fouling 
accumulation, and at the same time the particulate fouling accumulation has a 
larger impact on pressure drop than biofouling mitigation, both UA and pressure 
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drop would increase. This is similar to the observation made over the third 
month with UV. 
 
Figure 3.30: Comparison of monthly variation of overall UA (top) and 
pressure drop (bottom) at the face velocity of 2.5m/s – Laboratory Coil 
Table 3.9 summarizes the pressure drop at 2.5 m/s face velocity in different 
months. As presented in Table 3.9, the percentage reduction in pressure drop 
over a period of ten months after UV is 12.4%. However, the reduction is 
already as high as 11.4% over the first month, indicating that the coil irradiation 









a 17.0% reduction can be achieved after ten months of UV intervention, it takes 
nine months to achieve this additional 5.6% reduction.  











Pressure drop at 2.5 m/s 
[Pa] 
50.7 44.4 44.9 42.1 
Reduction ─ 12.4% 11.4% 17.0% 
 
In VAV AHUs, when fouling materials accumulate on cooling coil surfaces, 
fans have to work harder to overcome the increased pressure so as to provide 
the same amount of airflow, which can result in more energy use by the fans. In 
Figure 3.31, a distinct reduction in fan power can be observed after UV, which 
is in good agreement with the aforementioned reduction in pressure drop. The 
regression coefficients and R2 for fan power are listed in Appendix A (Table 
A.3). It reduces by approximately 8.0%, from 3.13 kW to 2.88 kW, at the 
reference face velocity of 2.5 m/s. In order to estimate the fan energy savings 
for the whole period of ten months after UV, the “Before UV” condition is 
assumed to be the baseline. It is to be noted that this is a conservative 
assumption because fan power is likely to continuously increase over the next 
ten months in normal operating environment without UV as the coil fouling 
would prevail. For every 6-min average data point, it is assumed that the face 
velocity is constant, and the fan energy savings are evaluated based on the 
“Before UV” and “After UV” regression results. The fan energy savings of 
every 6 minutes are summed over ten months, and the result is the estimated fan 
energy savings over a period of ten months after UV intervention. Following 
the above assumption, the fan energy use reduces by approximately 9.1%, from 
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22,587 kWh to 20,532 kWh. The calculated fan energy savings are 2,055 kWh. 
UV lamps consume energy as well. The input power of UV lamps used in this 
study is 109 W per lamp. Over the period of ten months, the energy use by two 
lamps is 1,476 kWh. Thus, the savings in fan energy alone are 39.2% greater 
than the energy used by the UV lamps; there can be a net reduction in energy 
cost after applying coil irradiation systems. 
 
Figure 3.31: Fan power vs. face velocity – Laboratory Coil 
3.3.2.2 Library Coil 
Unlike the Laboratory Coil, the Library Coil was working in a VAV AHU in 
fixed speed mode. As can be seen in Figure 3.32, the data points shift towards 
the right hand side after UV intervention. The average face velocity increases 
from 0.49 m/s to 0.59 m/s by 20.4% with the use of UVGI for a period of 11 
months. After dividing the “After UV” data into 11 different one-month groups, 
the monthly variations of average face velocity are demonstrated in Figure 3.32. 
Month 0 represents “Before UV” data, month 1-11 represent the monthly “After 
UV” data. As can be seen in Figure 3.33, the average face velocity keeps 
increasing over the first four months after UV intervention. This corresponds 
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well with the observations made in the Laboratory Coil that the impacts of 
UVGI on coil performance are most rapid initially. By the 4th month after UV 
intervention, the average face velocity reaches 0.60 m/s, approximately 
increasing by 22.4%. Over the next four months, the average face velocity is 
maintained at a relatively high level, indicating that UVGI is able to maintain 
the cleanliness of the cooling coil and therefore maintain the air flow rate 
supplied by the VAV AHU in fixed speed mode. Over the last three months, the 
average face velocity decreases slightly, which is believed to be caused by non-
biological fouling accumulation that is not taken care of by UV irradiation. 
Similar results are also found in the Laboratory Coil. 
 




Figure 3.33: Monthly variation of average face velocity – Library Coil 
3.3.3 Disinfection Performance 
3.3.3.1 Laboratory Coil 
Microbial Concentration on Coil Surfaces 
Table 3.10 shows the variation of bacterial concentration at different locations 
on both upstream and downstream coil surfaces before and after UV. Low 
bacterial loadings on both upstream and downstream surfaces were observed for 
this cooling coil even before UV intervention. No bacteria could be isolated 
from downstream surfaces after two weeks of UV irradiation (Mar 12, 2014). 
The low “Before UV” bacterial loadings on both upstream and downstream 
surfaces make it very challenging to ascertain the disinfection performance for 
surface bacteria.  
Table 3.11 shows the variation of fungal concentration at different locations on 
both upstream and downstream coil surfaces before and after UV irradiation. 
Compared with surface bacterial concentration, surface fungal concentrations 






The considerable difference between upstream and downstream surface fungal 
concentrations may be explained by several reasons, including but not limited 
to (1) “filtration” effects of cooling coil itself (Kemp et al., 2003); (2) “wash-
down” effects of condensate water due to heavier downstream condensate load; 
and (3) lower downstream side temperature. In addition, it appears that fungi 
tend to grow on the middle part of upstream coil surfaces in vertical direction. 
Fungal counts on U1, U3 and U5 were considerably higher than on U2, U4 and 
U6. One of the possible causes of the non-uniform distribution of fungi on 
upstream coil surfaces is the non-uniform airflow distribution inside the AHU. 
The airflow at the center of the AHU is higher than that near the perimeter of 
the AHU, resulting in more condensation formed at the center of cooling coils. 
No such distribution pattern was observed on downstream surfaces, which 
might be due to the fact that condensate water moved towards downstream side 
and had strong “wash-down” effects on downstream coil surfaces. No fungi can 
be isolated from “After UV” downstream surface samples, indicating that UV 
irradiation is very effective in disinfecting downstream coil surfaces. On the 
contrary, there appears to be no significant reduction in upstream surface fungal 
counts, suggesting that 10 weeks may not be adequate for UV irradiation to 
penetrate through the coil and reach the opposite side, relative to where the 
UVGI system was installed. Using higher output UV lamps on the downstream 
side or installing UV lamps on both sides could be more effective in disinfecting 





Table 3.10: Bacterial concentration (CFU/swab) on coil surfaces – Laboratory 
Coil 
Sampling points 















U1 0 0 0 0 0 0 0 
U2 0 20 0 0 30 0 0 
U3 0 0 0 0 10 0 0 
U4 0 0 0 0 0 0 0 
U5 0 0 0 10 0 10 60 
U6 0 0 0 0 0 0 0 
Downstream 
D1 0 0 0 0 0 0 0 
D2 30 0 0 0 0 0 0 
D3 0 0 10 0 0 0 0 
D4 0 0 0 0 0 0 0 
D5 0 0 0 0 0 0 0 
D6 0 0 0 0 0 0 0 
 
Table 3.11: Fungal concentration (CFU/swab) on coil surfaces – Laboratory 
Coil 
Sampling points 















U1 30 0 50 50 1,340 30 1,160 
U2 0 0 10 10 10 40 30 
U3 0 14,000 620 60 160 0 1,880 
U4 0 10 40 0 10 10 0 
U5 0 14,400 30 54,200 10,600 4,690 630 
U6 0 0 10 40 10 20 0 
Downstream 
D1 0 0 0 0 0 0 0 
D2 0 0 0 0 0 0 0 
D3 30 0 0 0 0 0 0 
D4 0 140 0 0 0 0 0 
D5 30 40 0 0 0 0 0 
D6 0 500 0 0 0 0 0 
 
Microbial Concentration in Condensate Water 
Table 3.12 shows the variation of bacterial and fungal concentration in 
condensate water before and after UV. It is to be noted that water samples were 
not collected at the right location during the first “Before UV” sampling, and 
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therefore only one available sampling represents the “Before UV” condition. 
Similar to the surface bacterial concentration, bacterial concentration in 
condensate water is also very low even before UV intervention. No bacteria 
could be isolated from “After UV” condensate water samples. It is not 
unreasonable to infer that this coil is very lightly contaminated by bacteria due 
to low bacterial concentration in both condensate water and on coil surfaces. 
However, in contrast to the bacterial concentration, the fungal concentration is 
extremely high before UV intervention. Given the low fungal concentration on 
downstream coil surfaces, it is reasonable to suspect that the condensate water 
formed on coil surfaces has contributed to “wash-down” effects on the 
microorganisms growing on coil surfaces. Due to the high latent load in a year-
round hot and humid climate and the continuous operation mode of this coil, a 
large amount of condensate water forms on coil surfaces, moves towards 
downstream side and finally drips to the drain pan in a continuous manner. 
During the “wash-down” process, the condensate water may carry the 
microorganisms on coil surfaces down to the drain pan, resulting in low 
concentration on downstream coil surfaces but high concentration in condensate 
water before UV intervention. In addition, the fungi can be intermittently 
isolated from condensate water throughout the study even with UV on. It is 
speculated that these fungi are the residual fungi on coil surfaces where UV 
irradiation cannot reach and disinfect. They are finally washed down to the drain 





Table 3.12: Microbial concentration (CFU/ml) in condensate water – 
Laboratory Coil 
Microbes 














Bacteria ‒ 10 0 0 0 0 0 
Fungi ‒ 9,620 0 70 0 30 270 
Note: “‒” means “samples were collected at a wrong location” 
Microbial Concentration in Supply Air 
Table 3.13 shows the variation of fungal and bacterial concentrations in the 
supply air collected around the first supply air diffuser. At first glance, a large 
discrepancy exists between two “Before UV” samplings for both bacteria and 
fungi, rendering the baseline levels not consistent. Moreover, the inconsistency 
exists throughout the study even with UV on. Since the coil operated in an AHU 
with 85-90% recirculated air and 10-15% outdoor air, this discrepancy may be 
attributed to the varying outdoor air concentration levels, the varying indoor 
concentration levels and other factors associated with the ventilation system (e.g. 
cleanliness of ductwork and other components). For bacteria, the five “After 
UV” levels are consistently lower than the “Before UV” levels, suggesting that 
the UVGI system specifically designed for coil surface disinfection has 
additional disinfection benefits for airborne bacteria in supply air. For fungi, the 
“After UV” levels are not consistently lower than “Before UV” levels, with two 
of five “After UV” levels being higher than one “Before UV” level and 
suggesting that the ability of the coil irradiation system to disinfect airborne 





Table 3.13: Microbial concentration (CFU/ml) in supply air – Laboratory Coil 
Microbes 














Bacteria 383 83 46 37 27 9 18 
Fungi 140 55 46 74 74 27 37 
 
3.3.3.2 Library Coil 
Microbial Concentration on Coil Surfaces 
Table 3.14 shows the variation of bacterial concentration at different locations 
on both upstream and downstream coil surfaces before and after UV. Similar to 
the Laboratory Coil, the “Before UV” bacterial loadings in the Library Coil are 
also very low. After UV intervention, no bacteria could be isolated from 
downstream surface samples with the exception of March 12, 2014 (six weeks 
after UV intervention). Compared with the results of the other six samplings 
covering a period of approximately three months from January 15 to April 9, 
the bacterial concentrations were relatively high on both upstream and 
downstream surfaces on March 12, which is probably due to some unknown 
factors causing temporal variations. Overall, the low “Before UV” bacterial 
loadings on both upstream and downstream surfaces make it very challenging 
to ascertain the disinfection performance for surface bacteria.  
Table 3.15 shows the variation of fungal concentration at different locations on 
both upstream and downstream coil surfaces before and after UV irradiation. 
Findings found in the Laboratory Coil, such as considerably higher upstream 
fungal counts before UV, tendency to grow on the middle part of upstream coil 
surfaces in vertical direction, and no significant reduction in upstream surface 
fungal counts throughout the “After UV” period, also apply to the Library Coil. 
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No fungi could be isolated from downstream surface samples after February 26 
(four weeks after UV intervention), with the exception of March 26 (eight weeks 
after UV intervention). The sudden increase in fungal counts on March 26 is 
consistent with an increase in airborne fungal concentration in the supply air on 
the same day. 
Table 3.14: Bacterial concentration (CFU/swab) on coil surfaces – Library Coil 
Sampling points 
















U1 0 0 0 10 150 0 0 
U2 30 30 90 0 130 10 30 
U3 0 0 0 0 1,720 0 0 
U4 0 0 0 0 30 0 0 
U5 0 0 0 0 10 0 0 
U6 30 0 0 0 0 0 0 
downstream 
D1 0 0 0 0 0 0 0 
D2 0 0 0 0 0 0 0 
D3 30 0 0 0 1,600 0 0 
D4 0 0 0 0 TNTC 0 0 
D5 0 30 0 0 0 0 0 
D6 0 0 0 0 160 0 0 
Note: “TMTC” means “too numerous to count” 
Table 3.15: Fungal concentration (CFU/swab) on coil surfaces – Library Coil 
Sampling points 
















U1 0 105 0 0 0 0 0 
U2 1,305 2,700 1,275 1,350 620 1,420 1,040 
U3 0 0 0 0 10 0 0 
U4 60 2,340 15 440 620 50 140 
U5 0 15 0 0 0 0 0 
U6 825 960 555 370 90 70 160 
downstream 
D1 30 150 30 0 0 0 0 
D2 0 0 0 0 0 180 0 
D3 0 330 0 0 0 0 0 
D4 0 150 0 0 0 30 0 
D5 150 0 270 0 0 0 0 




Microbial Concentration in Condensate Water 
Table 3.16 shows the variation of bacterial and fungal concentration in 
condensate water before and after UV. Prior to UV intervention, although 
microbial concentrations are relatively low on downstream coil surfaces, both 
bacteria and fungi are consistently isolated from condensate water samples 
(bacterial concentration could reach up to 1,810 CFU/ml; fungal concentration 
could reach up to 1,220 CFU/ml). These observations, similar to the Laboratory 
Coil, again appear to support the reasonableness of the hypothesis that it is the 
“wash-down” effects of condensate water that lead to relatively low microbial 
concentrations on downstream coil surfaces.  
Two weeks after UV intervention on February 12, the bacterial concentration 
jumped to 15,480 CFU/ml. The large increase observed on February 12 is 
unexplainable and could have a number of reasons, including retention of water 
in the condensate drain pan leading to longer residence time, or measurement 
error. No bacteria were detected from condensate water samples after Feb 12 
(two weeks with UV irradiation). Fungal concentration dropped to non-
detectable levels after Feb 26 (four weeks with UV irradiation). 
Table 3.16: Microbial concentration (CFU/ml) in condensate water – Library 
Coil 
Microbes 















Bacteria 1,810 290 15,480 0 0 0 0 






Microbial Concentration in Supply Air 
Table 3.17 shows the variation of fungal and bacterial concentrations in the 
supply air collected around the first supply air diffuser. Similar to the 
Laboratory Coil, inconsistency and discrepancy also exist in the bacterial and 
fungal levels throughout the study. For bacteria, four of the five “After UV” 
levels are lower than the “Before UV” levels. For fungi, two of five “After UV” 
levels are higher than one “Before UV” level. These observations correlate well 
with the those made in the Laboratory Coil. 
Table 3.17: Microbial concentration (CFU/ml) in supply air – Library Coil 
Microbes 














Bacteria 258 173 64 9 74 189 37 
Fungi 27 109 9 46 0 55 9 
 
3.4 Discussion 
Two cooling coils in real-world buildings were selected in this study for the 
purpose of capturing realistic fouling conditions. Although field studies have 
the advantage of dealing with real-world conditions, the lack of experimental 
control, difficulties to access preferred sampling locations and data noise pose 
considerable challenges to overcome. 
Observations made in both coils correspond well with each other. For the 
Laboratory Coil operating in a VAV AHU in variable speed mode, the use of 
UVGI enhances heat transfer and reduces pressure drop, which is in good 
agreement with what Firrantello et al. (2016) have observed in Tampa, FL, USA. 
The increase in coil total/latent cooling capacity, reduction in chilled water flow 
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rate, reduction in fan energy use, and increase in water-side △T are also 
achieved with the use of UVGI, indicating the ability of UV to save energy and 
reduce the risk of low △T syndrome. For the Library Coil operating in a VAV 
AHU in fixed speed mode, the face velocity increases with the use of UVGI. 
Heat transfer analysis was not conducted for this coil due to the fact that it was 
oversized and operating outside of normal operating conditions. These findings 
obtained in a year-round hot and humid climate have not been previously 
reported in peer-reviewed studies, and are seen as a valuable addition to the 
existing literature. 
The reduction in pressure drop and increase in heat transfer are expected to exist 
simultaneously after UV intervention. It is, however, surprising to observe 
asynchronous reduction in pressure drop and enhancement in heat transfer, 
which could probably be attributed to the non-biological fouling accumulation 
during “After UV” period. Although several studies have documented that 
pressure drop and heat transfer have different susceptibility to different types of 
fouling (Ahn et al., 2003; Ben and Groll, 2011; Bergman et al., 2011; Pak et al., 
2003; Pu et al., 2009; Siegel, 2002; Yang et al., 2007), the effects of concurrent 
biofouling mitigation and non-biological fouling accumulation on coil 
performance still remain unknown. 
For both cooling coils, coil irradiation systems have demonstrated their ability 
to not only clean coil surfaces and condensate water, but also maintain their 
cleanliness. Before UV intervention, biofouling levels on downstream coil 
surfaces are surprisingly low, which appears to be in sharp contrast to the results 
reported by Luongo and Miller (2016) that microbial loading is higher on 
downstream coil surfaces in condensing conditions. However, factors, including 
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but not limited to coil operating conditions, operation modes, study type 
(field/laboratory) and coil configuration, may affect the distribution of 
microorganisms on coil surfaces, which renders direct comparison challenging.  
One plausible explanation for the low biofouling levels on downstream coil 
surfaces is the “wash-down” effects. Two recent studies have revealed that 
condensate water can wash biofouling down to drain pans, though their 
observations were made when the system was back to operation after overnight 
shutdown (Acerbi et al., 2016; Wu et al., 2016). In this study, the low biofouling 
levels on downstream coil surfaces surprisingly correlate well with relatively 
high levels in condensate water, which appears to support the explanation. 
However, the sample size is small (only two samplings before UV), and the 
sampling is not continuous, which poses challenges in drawing a general 
conclusion. In future studies, more rigorous measurements are required to 
establish the relationship between the levels of condensate generation and levels 
of microbial concentrations in condensate water, and to prove the explanation. 
In addition to surface and water disinfection benefits, both coil irradiation 
systems appear to reduce concentrations of airborne bacteria in supply air. 
Although discrepancy and inconsistency exist throughout the sampling results, 
the decreasing trends of bacterial concentration in supply air with the use of 
UVGI are generally observable in both coils. For airborne fungi, the disinfection 
performance is inconclusive, which is probably attributable to the fact that fungi 
are generally more resistant to UV irradiation and that coil irradiation systems 
have relatively low UV lamp output. More rigorous air sampling is needed to 
quantify the air disinfection performance of coil irradiation systems. UVGI 
systems specifically designed for surface disinfection usually have significantly 
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lower UV output intensity as compared to those designed for air disinfection. 
Nonetheless, any air disinfection benefits offered by coil irradiation systems are 
additional and collateral. Installing air disinfection systems within AHUs is a 
good solution to simultaneously provide adequate air and surface disinfection, 
but this is associated with higher energy use. 
The observations made in this chapter are based on two moderately fouled coils 
with specific configurations, continuous operation mode, and specific working 
conditions. They may not be generalizable to coils with different configurations, 
intermittent operation mode, heavy fouling, and cooler and less humid working 
conditions.  
Apart from savings in fan energy, other types of possible savings resulting from 
coil irradiation systems include savings in pump energy and chiller energy. 
They will be evaluated in the next chapter through energy modeling by using 


















CHAPTER 4: MODELING STUDY 
This chapter first describes the component-based pump and chiller models to be 
used for component energy modeling. Secondly, the method of generating 
system operating conditions and driving component models is presented. Lastly, 
the annual “Before UV” and “After UV” pump and chiller energy are compared 
by feeding experimental results into component models.  
4.1 Methodology 
Apart from fan energy savings quantified in Chapter 3, coil irradiation systems 
may lead to other types of energy savings, such as pump energy savings and 
chiller energy savings. It is challenging to measure relevant savings through a 
field test when only applying UVGI for a single cooling coil in a chilled water 
system with multiple cooling coils. Therefore, energy simulation approach is 
utilized.  
Two most commonly used chilled water systems are variable flow/primary only 
(variable-primary) system and constant flow primary/variable flow secondary 






Figure 4.1: Schematic of a variable-primary system (Taylor, 2002) 
 
Figure 4.2: Schematic of a primary-secondary system (Taylor, 2002) 
In variable-primary systems, variable speed pumps are installed in the primary 
circuits. No pumps are installed in secondary circuits. In fouled conditions, 
these variable speed pumps work harder and provide higher water flow rate to 
maintain cooling coil leaving air set-point temperatures so as to satisfy the 
indoor thermal environment. Hence, total pump energy used by the chilled water 
system is affected by coil fouling. In primary-secondary systems, constant speed 
chilled water pumps are installed in primary circuits, and variable speed pumps 
are installed in secondary circuits. In fouled conditions, secondary pumps work 
harder, but primary pumps remain at the same working conditions. Hence, only 
a portion of the total pump energy used by the chilled water system is affected 
by coil fouling. This study only focuses on variable-primary systems, because 
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they are simple to model and may have higher sensitivity to coil fouling in terms 
of pump and chiller energy. 
4.1.1 Pump Model 
Bahnfleth and Peyer (2004) developed a pump model for the purpose of 
estimating annual pump energy consumption. Although this model contains 
several simplifications, it is able to simulate several important parameters, such 
as pump efficiency, motor efficiency, variable speed drive efficiency and 
system curve. These parameters have considerable impacts on pump energy and 
are usually omitted or considered as constants in simplified pump models used 
in energy simulation software like EnergyPlus (a building energy simulation 
software developed by U.S. Department of Energy). Because of the above 
advantages, this pump model is used in this study to predict annual pump energy 
consumption. Details about the model are well documented in Bahnfleth and 
Peyer (2004), and a summary of key information is presented below. 
Pump power is a function of pump flow rate, pump head, motor efficiency, 











                                 (4.1) 
Where 
pumpP  = Pump power, [kW]; 
pumpQ  = Pump flow rate, [L/s];  
pumpH  = Pump head, [Pa]; 
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pump  = Pump efficiency; 
motor  = Motor efficiency; 
drive  = Variable speed drive efficiency. 
In order to compute pump power, the three different efficiencies and the pump 
curve at a nominal speed must be known. The pump curve at a nominal speed 
nominalN  is modeled by Equation 4.2. 
2
0 1 2pump,nominal pump,nominal pump,nominalH a a Q a Q                    (4.2) 
Where 
pump,nominalH  = Pump head at a nominal pump speed, [Pa]; 
pump ,no minalQ  = Pump flow rate at a nominal pump speed, [L/s];  
0 1 2, ,a a a  = Model coefficients based on a nominal pump speed 
According to affinity laws, points on the pump curve at a nominal speed nominalN
can be mapped to other points on another pump curve at an arbitrary speed N , 



















                            (4.4) 
By substituting Equations 4.3 and 4.4 into Equation 4.2, the pump curve at an 





0 1 2pump pump pump
nominal nominal
N N
H a a Q a Q
N N
   
     
   
              (4.5) 
Similar to pump head, the pump efficiency at a nominal pump speed nominalN can 
be modeled by: 
2
0 1 2pump,nominal pump,nominal pump,nominalb bQ b Q                       (4.6) 
Where 
0 1 2, ,b b b  = Model coefficients based on a nominal pump speed 
For a point on a pump curve at an arbitrary pump speed, it is assumed that its 
pump efficiency is equal to the pump efficiency of the point that is mapped to 
the pump curve at the nominal pump speed according to the affinity laws. The 
model coefficients in Equations 4.2 and 4.6 can be easily determined through 
regression of several points on a selected pump curve. 
ASHRAE (2000) published a representative motor efficiency curve (Figure 4.3), 
based on which the motor efficiency model is developed for this study. The 
motor efficiency is modeled by: 
  
2 3
0 1 2 3motor P P Pc c F c F c F        For 0.2PF                   (4.7a) 
4motor Pc F     For 0.2PF                                 (4.7b) 
Where 
PF  = Fraction of nameplate motor power;  




Figure 4.3: Motor efficiency curve (ASHRAE, 2000) 
Based on the currently available variable speed drive efficiency curve (Figure 
4.4) published in ASHRAE (2016), the drive efficiency is modeled by: 
2
0 1 2drive N Nd d F d F                                         (4.8) 
Where 
NF  = Fraction of nominal speed;  
0 1 2, ,d d d  = Model coefficients 
The motor and drive efficiency model coefficients are provided in Appendix A 




Figure 4.4: Variable speed drive efficiency curve (ASHRAE, 2016) 
The system head is modeled as a second order function of chilled water flow 




system independent design independent
design
Q
H H H H
Q
 
     
 
              (4.9) 
Where 
systemH  = System operating pressure, [Pa]; 
independentH  = System independent pressure, [Pa]; 
designH  = System design pressure, [Pa]; 
systemQ  = System operating flow rate, [L/s]; 
designQ  = System design flow rate, [L/s]; 
4.1.2 Chiller Model 
Chiller models can be broadly classified into two classes: empirical models 
(black-box model) and analytical models (physical or first principles model) 
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(Sreedharan and Haves, 2001). Empirical models, such as DOE-2 Model 
(PG&E, 2001), are polynomial curve fits based on the operating data, which 
does not need the detailed physical information of the system; while analytical 
models, such as ASHRAE Primary Toolkit Model (Bourdouxhe et al., 1997) 
and Gordon-Ng Universal Chiller Model (Ng et al., 1997), are developed from 
the laws of physics, which require a good understanding of the physical system.  
In this study, due to the lack of physical system information, the empirical 
model in the form of DOE-2 Model was used to predict chiller energy 
consumption. This model is based on three polynomial curves, given in 
Equations 4.10-4.12. 
2 2
0 1 2 3 4 5eo eo ci ci eo ciCAPFT e e T e T e T e T e T T               (4.10) 
2 2
0 1 2 3 4 5eo eo ci ci eo ciEIRFT f f T f T f T f T f T T               (4.11) 
2
0 1 2EIRFPLR g g PLR g PLR                         (4.12) 
Where 
eoT  = Evaporator outlet water temperature, [°C]; 
ciT  = Condenser inlet water temperature, [°C]; 
PLR  = Part load ratio, defined in Equation 4.13; 
, ,i i ie f g  = Model coefficients. 
( , )ref eo ci
q
PLR
q CAPFT T T


                           (4.13) 
Where 
q  = Cooling load, [kW]; 
 125 
 
refq  = Chiller capacity at the reference condition, [kW]; 
Equation 4.10 describes the ratio of chiller capacity at different operating 
conditions to the chiller capacity at its reference condition. Equation 4.11 
describes the ratio of full load chiller efficiency at different operating conditions 
to the full load chiller efficiency at its reference condition. Equation 4.12 
describes the ratio of part load chiller efficiency to the full load chiller efficiency 
at the same operating condition. 
According to Equations 4.10-4.13, only condenser inlet water temperature, 
evaporator outlet water temperature, and cooling load are required to predict 
chiller energy consumption.  
4.1.3 Cooling Load Generation 
Cooling load data used to drive pump and chiller models were generated by an 
EnergyPlus model, which was developed for an institutional building in 
Singapore and verified by the variability of daily occupancy. The details of the 
reference building model are documented in Yang et al. (2016). Key 
information regarding the building characteristics and chiller model is 
summarized below. 
The institutional building, having three floors with 2,880 m2 air-conditioned 
area, is mainly composed of lecture rooms, offices, studios and laboratories. The 
chilled water system is a variable-primary system, with a single chiller serving 
five chilled water cooling coils. The system is typically in operation from 6 am 
to 6 pm, Monday to Friday (a total of 3,132 operation hours per year). The 





Figure 4.5: Schematic of the chilled water system modeled in EnergyPlus 
After running the EnergyPlus model, the hourly data, such as coil 
entering/leaving conditions, and chiller entering/leaving condition, as well as 
two summary reports (equipment summary report and component sizing 
summary report) will be generated. The equipment summary report produces 
details on cooling coils, such as the nominal total, sensible and latent capacities, 
the nominal coil surface area and the nominal temperature-based UA value 
( temperature basedUA  ). The component sizing summary report includes sizing details, 
such as cooling coil design chilled water and air flow rates, and pump design 
water flow rate. The coil reference conditions are summarized in Table 4.1. The 
chiller reference conditions are summarized in Table 4.2. The pump design 







Table 4.1: Coil reference condition 




w,inT  [°C] 
6.67 6.67 6.67 6.67 6.67 
Water flow 
rate wQ  [L/s] 




a ,in ,dryT  [°C] 
26.67 26.67 26.67 26.67 26.67 
Entering air 
wet bulb 
a ,in ,wetT  [°C] 
19.44 19.44 19.44 19.44 19.44 
Air flow rate 
aQ  [m
3/s] 




temperature basedUA   
[W/K] 
4,336.57 10,238.12 2,531.67 5,889.32 7,482.67 
 








temperature ciT  
[°C] 
COP   
Reference 
cooling 
capacity refq  
[kW] 
Chiller 6.67  29.4  2.7 723.4 
 
Table 4.3: Pump design condition 
 Pump head pumpH  [Pa] 
Pump flow rate pumpQ  
[L/s] 




It is to be noted that the nominal UA value is a temperature-based UA value 
( temperature basedUA  ) determined at the rated inlet conditions, given by Equation 
4.14. The rated conditions include the design chilled water flow rate, the design 
air flow rate, entering air dry bulb temperature ( a ,in ,dryT =26.67 °C), entering air 
wet bulb temperature ( a ,in ,wetT =19.44 °C) and entering chilled water 
temperature ( w,inT =6.67 °C). As described in Equation 4.14, the nominal UA 
( temperature basedUA  ) is in relation to both water-side temperature-based UA 
( waterUA ) and air-side temperature based UA ( airUA ). When coil dimensions 
are not available, model object Coil:Cooling:Water is used to model coil 
performance. EnergyPlus sets the water-side temperature-based UA ( waterUA ) 
to 3.3 times the air-side temperature-based UA ( airUA ) for simplification 
purpose (U.S. Department of Energy, 2014).  
-
1 1 1
temperature based air waterUA UA UA
                            (4.14) 
3 3water airUA . UA                                      (4.15) 
Once the temperature basedUA  at rated conditions are known, airUA and waterUA can 
be determined by combining Equations 4.14 and 4.15. According to the 
experimental results presented in Section 3.3.1.1, the increase in air-side UA 
( airUA ) values after UV intervention is around 13.7%. 13.7% increase is, on the 
contrary, 12% decrease. Hence, a 12% decrease in airUA  is assumed for all five 
coils to calculate the chilled water flow rate required to maintain the off-coil 
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temperature set-point in fouled conditions. Following the chilled water flow rate 
calculation procedures detailed in Section 3.2.1.2 and applying the hourly data 
generated by EnergyPlus in clean conditions, the hourly chilled water flow rate 
and leaving chilled water temperature in fouled conditions can be calculated for 
each coil. Given that the chilled water system has multiple cooling coils, the 
chilled water flow rate through each cooling coil are summed up to represent 
the total flow rate through the variable speed pump and chiller, given in 
Equation 4.16; the evaporator entering water temperature is calculated in 
Equation 4.17. 
1 2 3 4 5w,total w, w, w, w, w,m m m m m m                              (4.16) 
1 1 2 2 3 3 4 4 5 5cc w, cc w, cc w, cc w, cc w,
ei
w,total
T m T m T m T m T m
T
m
        
            (4.17) 
The variable speed chilled water pump is selected based on the pump design 
condition. Pump curve is provided in Appendix A (Figure A.10). The pump 
head and pump efficiency model coefficients are provided in Appendix A 
(Table A.5). An independent system pressure of 74,738 Pa (25 ft) is assumed in 
system curve (Equation 4.9) when evaluating pump energy (Bahnfleth and 
Peyer, 2004). The chiller model coefficients are tabulated in Appendix A (Table 
A.6). Following the chiller and pump model detailed in Sections 4.1.1 and 4.1.2, 
respectively, the annual chiller and pump energy consumption in both clean and 
fouled conditions can be calculated. 
4.2 Results 
Energy modeling predicted a 6.2% and 0.41% reduction in annual pump and 
chiller energy, respectively, for the reference building. It is not unexpected that 
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the reduction in chiller energy is insignificant (percentage wise) for a variable 
primary chilled water system given that several studies have indicated that the 
impacts of chilled water flow variation on chiller energy use are small 
(Bahnfleth and Peyer, 2004; Redden, 1996). The absolute reduction in chiller 
energy (13.66 GJ) is approximately 2.7 times that in pump energy (5.06 GJ). 
Energy savings resulting from the use of UVGI for cooling coils are threefold: 
fan energy savings, pump energy savings and chiller energy savings. The 
experimental results presented in Section 3.3.2.1 have revealed that fan energy 
reduced by 9.1% with the use of UVGI. The reduction is approximately 1.4 
times the energy consumed by UV lamps. Assuming that the UVGI system used 
for each cooling coil in the reference building in the modeling study is the same 
as those (2 × 109 W power input) installed in the field experimental study, the 
annual fan energy savings for a total of five coils operating 3,132 hours per year 
are estimated to be 17.11 GJ. Table 4.4 summarizes the absolute and percentage 
reduction in fan, pump and chiller energy. 








Fan energy 188.02 GJ 170.91 GJ 17.11 GJ 9.1% 
Pump 
energy 
81.08 GJ 76.02 GJ 5.06GJ 6.2% 
Chiller 
energy 
3,341.58 GJ 3,327.92 GJ 13.66 GJ 0.41% 
 
Figure 4.6 displays the contribution of fan, pump, and chiller to the total HVAC 
related energy savings resulting from the use of UVGI for cooling coils. Fan is 
the largest contributor to the total HVAC energy savings, followed by chiller 
and pump. These results are in line with the findings of Firrantello (2016) based 
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on the U.S. DOE commercial reference building modeling with the use of 
experimental results obtained from Tampa, FL, USA. It is to be noted that 
although the reduction in chiller energy is only 0.41%, chiller energy saving is 
the second largest contributor to the total HVAC energy saving. This may be 
attributed to the fact that chillers are heavy HVAC energy consumers. Even a 
small percentage reduction in chiller energy can account for a large percentage 
reduction in HVAC related energy. 
 
Figure 4.6: Contribution of fan, pump and chiller to HVAC energy savings 
4.3 Discussion 
Unlike the fan energy savings which can be directly measured in a field test, 
accurate measurements of energy savings in pump and chiller energy are 
challenging for a small-scale field test when only one coil is equipped with 
UVGI in a multiple coil chilled water system. Although applying experimental 
results, such as the percentage increase in coil air-side UA value, into building 







estimated energy savings may not be generalizable due to the following 
modeling and experimental limitations.   
The modeling study was conducted on the basis of a reference building served 
by a variable primary chilled water system. For other types of chilled water 
system, such as primary-secondary system and primary-secondary-tertiary 
system, the impact of UV on pump and chiller energy may be different. In 
addition, the HVAC system in the reference building is only in operation for 
3,132 hours per year. It is expected that buildings with longer HVAC operating 
hours will benefit more from the use of UVGI for cooling coils in terms of 
energy savings. Furthermore, the degree of fouling (12% reduction in air-side 
UA value) used in the modeling study is based on a field test coil that is not 
heavily fouled (previously cleaned twice a year). The accumulation of 
biofouling is dependent on multiple factors, such as coil maintenance schedule 
and coil operating condition. For coils with little maintenance, the above 
modeling results may underestimate energy savings. For coils operating in a 
cooler and less humid climate, the biofouling may be significantly lighter and 





CHAPTER 5: LIFE CYCLE COST ANALYSIS 
This chapter first describes the methodology of applying the experimental and 
modeling results presented in Chapters 3 and 4 into the life cycle cost analysis 
(LCCA). Secondly, the mechanical coil cleaning and UV coil cleaning are 
compared from the perspective of life cycle cost (LCC) and payback period. 
Lastly, limitations of the LCCA and recommendations for future analysis are 
proposed.  
5.1 Methodology 
Although, as presented in Chapters 3 and 4, UV coil irradiation has been proved 
to be able to save fan, pump and chiller energy and cut energy bills in a year-
round hot and humid climate, its economic feasibility remains unclear without 
considering other factors such as equipment, installation, operation and 
replacement cost. The initial cost of coil irradiation systems mainly consists of 
UV lamp cost and installation cost. Once they are in operation, the operation 
cost is equivalent to the electricity cost. It is to be noted that UV manufacturers 
recommend replacing UV lamps every 12 months to maintain the germicidal 
effectiveness. The annual replacement is mainly comprised of UV lamp cost 
and labor cost. In order to evaluate the economic feasibility of using coil 
irradiation systems in Singapore, a LCCA is performed with the consideration 
of all these factors for the reference building modeled in Chapter 4. 
The LCCA is performed in constant Singapore dollars without considering the 
inflation rate. The net present value of LCC of the use of UVGI for cooling coils 
is calculated by Equation 5.1. 
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UVGI Installation Replacement LampEnergy FanEnergy
PumpEnergy ChillerEnergy
NPV PV PV PV PV
PV PV
   
 
       (5.1) 
Where 
UVGINPV  = Net present value of UV coil cleaning, [S$]; 
InstallationPV  = Present value of installation cost, [S$];   
ReplacementPV  = Present value of replacement cost, [S$]; 
LampEnergyPV  = Present value of lamp energy cost, [S$]; 
FanEnergyPV  = Present value of cost of fan energy savings, [S$]; 
PumpEnergyPV  = Present value of cost of pump energy savings, [S$]; 
ChillerEnergyPV  = Present value of cost of chiller energy savings, [S$]. 
In the first year, all costs are equivalent to present values. From second year 
onwards, the replacement cost, lamp energy cost, and cost associated with fan, 
pump and chiller energy savings are discounted to present value via discount 
rate using Equation 5.2. Wong et al. (2003) used the average of prime lending 
rate over the past ten years as the discount rate when conducting LCCA of 
rooftop gardens in Singapore. In this study, the average of prime lending rate 









                                           (5.2) 
Where 
PV  = Present value, [S$]; 
nE  = Cost in year n , [S$];  
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i  = Discount rate, [%]; 
n  = Year n  . 











                                       (5.3) 
The average of electricity tariff over the past three years from 2013-2015 
(S$ 0.2624/kWh, including 7% GST) is used as electricity tariff in LCCA. 
Escalation of electricity tariff is not considered. According to ASHRAE 
Handbook – Applications, the median service life of chilled water coils is 20 
years (ASHRAE, 2015). Since Singapore has a year-round hot and humid 
climate, coils are ideal places for microbial growth and their service life is 
generally shorter than 20 years. Hence, a service life of 15 years is assumed in 
the LCCA. The UVGI system used in the reference building for every coil is 
assumed to be the same as that used for cooling coils tested in the field study 
(2x109 W input power). It is also assumed that the coil irradiation system and 
the air-conditioning system have the same operating schedule. Whenever the 
air-conditioning system is turned off, the coil irradiation system is turned off. 
According to the experimental results of the Laboratory Coil presented in 
Section 3.3.2.1, fan energy savings are 1.4 times the energy consumed by UV 
lamps when both coils and UV lamps have the same operating schedule. 
Therefore, the same proportion 1.4:1 is used in the LCCA. The annual pump 
and chiller energy savings for the reference building are 5.06 GJ and 13.66 GJ 
(1,406kWh and 3,795 kWh), respectively. The initial cost and annual 
replacement cost are dependent on the scale of UV installation. In small-scale 
 136 
 
projects with only a few coils equipped with coil irradiation systems (e.g. test 
bed and research-oriented project), the initial cost and annual replacement cost 
of every UV system are approximately S$ 4,000 and S$ 400, respectively, based 
on our budget figures. When coil irradiation systems become widely accepted 
by the industry, have deeper market penetration, and exhibit higher prevalence 
of real-world applications, the project size becomes larger and the initial cost 
and annual replacement cost are expected to decrease to S$ 2,500 and S$ 250, 
respectively.  
It is worth noting that several studies (Fisk and Rosenfeld, 1997; Fisk, 2000) 
have indicated the economic benefits of IAQ improvement. Although Chapter 
3 has demonstrated the collateral air disinfection benefits of coil irradiation 
systems, the LCCA of UV coil cleaning in this chapter does not consider 
economic benefits resulting from improved IAQ. Quantifying the improvement 
in IAQ with the use of coil irradiation systems and estimating its economic 
benefits are beyond the scope of this study. 
LCCA is also performed for mechanical coil cleaning (high-pressure water 
cleaning) for comparison purpose. Mechanical coil cleaning is conducted on a 
semi-annual basis to maintain the coil performance. As an estimation by the 
facility manager, every session costs around S$ 450. When conducting LCCA 
for mechanical coil cleaning, it is assumed that savings in fan, pump and chiller 
energy are the same as those achieved with the use of UVGI for cooling coils 
on an annual basis. The LCC of mechanical coil cleaning is calculated by using 
Equation 5.4. 




MechanicalNPV  = Net present value of mechanical coil cleaning, [S$]; 
MechCleaningPV  = Present value of mechanical coil cleaning cost, [S$]. 
When evaluating economic feasibility of coil cleaning, it is to be noted that 
savings in fan, pump and chiller energy are dependent on air-conditioning 
system operating hours. The longer hours the system is in operation, the more 
savings coil cleaning can achieve. The initial cost of UV cleaning and the cost 
of mechanical cleaning per session, however, remain the same regardless of the 
operating hours. The air-conditioning system in the reference building operates 
from 6 am to 6 pm, Monday to Friday (a total of 3,132 operating hours per year). 
In Singapore, due to the year-round hot and humid climate, many buildings, 
such as libraries, hospitals and laboratories, need 24/7 air-conditioning (a total 
of 8,760 operating hours per year).  In order to better understand the economic 
feasibility of UV coil cleaning systems in Singapore, a total of six cases are 
considered in the LCCA. It is assumed that fan, pump and chiller energy saving 
are proportional to the operating hours in the following analysis. Different cases 
considered in LCCA are summarized in Table 5.1. Parameters relevant to the 
LCCA are summarized in Table 5.2. 
Table 5.1: Summary of different cases considered in LCCA 
Case No Type of cleaning Operating hours Project scale 
Case 1 UV cleaning 3,132 hours Small scale 
Case 2 UV cleaning 3,132 hours Large scale 
Case 3 UV cleaning 8,760 hours Small scale 












Table 5.2: Parameters in LCCA 
Parameter Value Description 
Inflation rate 0% Constant dollar analysis 
Analysis years 15 years 
Cooling coils are 
assumed to be replaced 
every 15 years 
Discount rate 5.36% 
Average of prime lending 
rate over the past 10 
years 
Initial cost of UV 
cleaning per cooling 
coil 
S$ 4,000/S$ 2,500 
Depending on project 
size 
Cost of mechanical 
cleaning per cooling 
coil 
S$ 450/session Two sessions per year 
Number of coils 5 
From reference building 
model 
Electricity tariff S$ 0.2624/kWh 




3,132 hours/8,760 hours 
Scheduled/continuous 
24/7 operation 
Annual UV lamp 
replacement cost per 
cooling coil 
S$ 400/S$ 250 
Depending on project 
size 
Annual UV lamp 
energy cost 
S$ 896/S$ 2,506 
(Number of coils) × (UV 
lamp input power) × 
(annual operating hours) 
× (electricity tariff) 
Annual savings in 
fan energy cost 
S$ 1,247/S$ 3,488 
1.4 × (Annual UV lamp 
energy cost) 
Annual savings in 
pump energy cost 
S$ 369/S$ 1,032 
(Pump energy savings) × 
(electricity tariff) 
Annual savings in 
chiller energy cost 
S$ 996/S$ 2,786 
(Chiller energy savings) 
× (electricity tariff) 
 
5.2 Results 
Considering the time value of money (discount rate), the net present value of 
LCC, net present value of LCC per air-conditioned area and payback period are 
presented in Table 5.3. Negative values of LCC in Table 5.3 represent net 
savings; while positive values mean that net savings cannot be achieved over 
the period of analysis. For UV cleaning, operating hours are critical to LCC and 
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payback period. Generally, longer operating hours can lead to less LCC and 
shorter payback period. In this study, UV cleaning with longer operating hours 
(Cases 3 and 4) can pay itself back within the period of analysis, while it fails 
to do so with shorter operating hours (Cases 1 and 2). Take large-scale projects 
as an example, the LCC for scheduled operation (3,132 hours, Case 2) and 24/7 
operation (8,760 hours, Case 4) are S$ 6,276 and S$ -26,645, respectively. 
Continuous 24/7 operation (Case 4) enables UVGI to pay itself back within only 
3.4 years, achieving a total of S$ 26,645 savings within 15 years (approximately 
S$ 9.25 savings per square meter air-conditioned area). On the contrary, UVGI 
cannot pay itself back within the period of analysis in the “scheduled operation” 
case (Case 2). The relevance of operating hours to payback period and LCC is 
mainly due to the fact that fan, pump and chiller energy will not reduce if they 
are not in operation, regardless of the cleanliness of cooling coils. 
In addition to operating hours, the scale of project is also an important factor 
when evaluating the economic feasibility of UV coil cleaning. Compared to 
small research-oriented projects (Cases 1 and 3), large-scale projects (Cases 2 
and 4) with numerous cooling coils equipped with UVGI tend to have lower 
initial investment and annual replacement cost, and correspondingly more 
promising LCC and payback period. Take “scheduled operation” cases (Cases 
1 and 2) as an example, the LCC for large-scale projects and small-scale projects 
are S$ 6,276 and S$ 21,032, respectively. Although UVGI cannot pay itself for 
both cases within the period of analysis, the large-scale projects have 
significantly lower LCC. 
For mechanical cleaning, the operating hours are also an important factor to 
payback period and LCC. Continuous 24/7 operation (Case 6) enables 
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mechanical cleaning to achieve S$ 29,953 savings within 15 years with the 
payback period of only 0.6 year, while mechanical cleaning fails to pay itself 
back with scheduled operation within the period of analysis (Case 5). 




LCC after 15 years 
[S$] 
LCC per air-
conditioned area after 
15 years [S$/m2] 
1 ‒ 21,032 7.30 
2 ‒ 6,276 2.18 
3 7.6 -11,889 -4.13 
4 3.4 -26,645 -9.25 
5 ‒ 20,154 7.00 
6 0.6 -29,953 -10.40 
 
The cumulative cash flows over the period of analysis for different cases are 
illustrated in Figure 5.1. Except for Cases 1 and 5, all other cases have 
downward trends. These downward trends are a symbol of net saving potential 
given that cumulative cash flows reduce over years. On the contrary, upward 
trends represent the inability to achieve net savings given that cumulative cash 
flows increase over years. However, it is to be noted that economic benefits of 
IAQ improvement are not considered in UV cleaning cases.  According to 
several IAQ related studies, the economic benefits of IAQ improvement tend to 
be one to two orders of magnitude higher than those of energy savings. 
Firrantello (2016) also documented that the LCC of UV coil cleaning over a 
period of 20 years are more economically promising when considering IAQ 
benefits. Therefore, after considering IAQ benefits into the LCCA, the trend of 
Case 1 may shift downwards, making Case 1 cost-effective. For other UV 
cleaning cases (Cases 2, 3 and 4), their trends may shift downwards further, 




Figure 5.1: Cumulative LCC over years 
5.3 Discussion 
Multiple assumptions, such as the degree of fouling and equivalent energy 
savings resulting from UV cleaning and mechanical cleaning, were made in the 
above LCCA. The degree of fouling used is based on a coil that is not heavily 
fouled. Since the cost of energy savings over the years is only dependent on the 
degree of fouling, improper assumption may overestimate or underestimate 
LCC and payback period. More fouling is supposed to result in less LCC and 
shorter payback period, and vice versa. Mechanical cleaning differs from UV 
cleaning considerably when evaluating their energy saving potential. For UV 
cleaning, coil cleanliness can be maintained as long as UV lamps are replaced 
yearly to guarantee their germicidal effectiveness, which ensures that coils 
could operate under optimum conditions at all times. For mechanical cleaning, 
however, coil performance would degrade immediately after cleaning until next 
cleaning session. Although the assumed semi-annual mechanical cleaning 
schedule is expected to keep coils as clean as possible on a yearly basis, the 
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 142 
 
may overestimate the cost of energy savings as compared to UV cleaning. 
Hence, assuming energy savings of mechanical cleaning to be equivalent to that 
of UV cleaning may underestimate the LCC and payback period for mechanical 
coil cleaning. 
Initial cost of UV cleaning, UV replacement cost, and mechanical cleaning cost 
are approximate values which are market-, region- and brand-specific. Discount 
rate and electricity tariff are average values over a period of time. They can be 
influenced by the state of the economy and government policies.  
The assumptions made, approximate cost figures used, and lack of consideration 
for IAQ benefits in the LCCA may either underestimate or overestimate and 





CHAPTER 6: OVERALL CONCLUSIONS, 
LIMITATIONS AND RECOMMENDATIONS 
6.1 Overall Conclusions 
Two cooling coils, respectively operating in a VAV AHU in variable speed 
mode and a VAV AHU in fixed speed mode in a year-round hot and humid 
climate, were tested to evaluate the disinfection performance and energy-related 
benefits of UV coil irradiation systems. For the Laboratory Coil operating in a 
VAV AHU in variable speed mode, the air-side pressure drop decreased by 
11.6-14.6% and the air-side heat transfer coefficient increased by 11.8-20.1% 
(8.8-10.2% increase in the overall UA) over the face velocity range of 1.5-3.0 
m/s, which resulted in approximately 9.1% reduction in fan energy and 3.3-3.8% 
increase in total cooling capacity, respectively. The improvement in coil energy 
performance also led to 8.0-11.9% reduction in chilled water flow rate and 0.4-
0.6 °C increase in water-side temperature difference when maintaining the same 
supply air temperature in VAV operation. For the Library Coil operating in a 
VAV AHU in fixed speed mode, the air flow rate increased by 20.4%. Heat 
transfer analysis was not conducted for the Library Coil because it is an 
oversized coil operating outside of normal conditions which has little relevance 
to the evaluation of typical coil heat transfer performance. Instead of consistent 
reduction in pressure drop and enhancement in heat transfer with the use of 
UVGI, both coils demonstrated a drastic improvement initially, but variations 
were observed afterwards over the period of study. These variations may be due 
to non-biofouling accumulation that is not accounted for by UV irradiation.  
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Both coils demonstrated the ability of coil irradiation systems to not only 
disinfect coil surfaces and condensate water, but also maintain their cleanliness. 
In addition, coil irradiation systems appeared to reduce concentrations of 
airborne bacteria in supply air, though more rigorous measurements are required 
to validate this observation. Before UV intervention, biofouling levels on 
downstream coil surfaces were relatively low as compared to those on upstream 
surfaces. The relatively high microbial levels in condensate water appeared to 
support the hypothesis that it was the condensate water that washed biofouling 
down to drain pans. More detailed measurements (e.g. collect “fresh condensate” 
coming off the coil, culture it immediately, and compare that with cultures of 
condensate taken from the pan) are necessary to draw a general conclusion. 
After UV intervention, biofouling levels on upstream surfaces still remained 
high, suggesting that coil irradiation systems were ineffective in penetrating 
cooling coils and disinfecting the opposite coil surfaces within the study period. 
After applying the experimental results of the Laboratory Coil in a validated 
EnergyPlus model of a building in Singapore and fan energy analysis, the annual 
savings in pump, chiller and fan energy were predicted to be 5.06 GJ, 13.66 GJ 
and 17.11 GJ, respectively. Fan, chiller and pump accounted for 48%, 38% and 
14% of total air-conditioning related energy savings, respectively. It is to be 
noted that while the chiller energy use only reduced by 0.41% with the use of 
UVGI, it translated into 38% of total energy savings.  
A 15-year life cycle cost analysis was conducted for both UV and mechanical 
cleaning in the modeled building with the use of modeling results and some 
assumptions. It was found that project scale and air-conditioning system 
operating hours were crucial when evaluating life cycle cost and payback period. 
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When IAQ benefits are not considered, for 24/7 operation (8,760 hours per year), 
UV cleaning could pay itself back within 7.6 and 3.4 years for small-scale and 
large-scale projects, respectively. The 15-year life cycle cost savings were 
S$ 11,889 and S$ 26,645, which translated into S$ 4.13/m2 and S$ 9.25/m2, 
respectively. For scheduled operation (3,132 hours per year), UV cleaning was 
not able to pay itself back regardless of the project scale. It is to be noted that 
when considering IAQ benefits in life cycle analysis, UV cleaning would 
shorten payback period and become more economically attractive. Mechanical 
cleaning can pay itself back within 0.6 year for 24/7 operation, while the 
payback is never achievable for scheduled operation. It is, however, to be noted 
that from the perspective of practical consideration, especially in a year-round 
hot and humid climate, coil maintenance seems compulsory to ensure 
equipment life and system operation. 
In conclusion, the results of this study have demonstrated energy, disinfection 
and economic benefits of using UVGI for cooling coils in a year-round hot and 
humid climate. Results obtained from and methodologies used in this study are 
of instructive significance for future research. The major contributions of this 
study are as follows: 
1. Documentation of scientific evidence of energy saving and collateral 
disinfection benefits of applying coil irradiation systems in a year-round 
hot and humid climate. Thesis findings are based on scientifically 
rigorous measurements and should have archival significance, which 
could be of particular use for practicing engineers and facility managers 
when considering applying UVGI systems for cooling coils.  
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2. Development of a methodology to compare heat transfer performance 
of real-world cooling coils without interfering normal operation. This is 
especially useful when there is limited control over coil inlet conditions 
in field tests. 
3. Development of a sampling method that allows collection of surface 
samples not only from coil fin edges but also from fin surfaces up to 
approximately 50 mm from fin edges. 
6.2 Limitations 
The above results are based on only two coils with specific dimensions and 
operating conditions. The effects of UVGI on microbial mitigation and coil 
energy performance may be different for coils with different dimensions and 
operating in different conditions. In addition, the coils investigated in this 
research were on a regular conventional maintenance schedule prior to the study. 
The results obtained in this study may underestimate the benefits of using UVGI 
for heavily fouled coils. The above limitations make the results hard to 
generalize. The benefits of using UVGI for cooling coils are inherently coil- and 
environment-specific. 
6.3 Recommendations 
Although UVGI for cooling coils has been used in real world applications for a 
few decades, it is a relatively new topic of scientific research. In future research, 
several areas should be investigated to enable a better understanding of the 
effectiveness of using UVGI for cooling coils. Prior to evaluating the 
effectiveness of coil irradiation systems, it is crucial to understand the rate of 
biofouling and non-biofouling accumulation on coil surfaces and how they can 
 147 
 
affect coil performance. To date, there are limited peer-reviewed studies 
specifically addressing these issues. In addition, the effects of coil dimensions 
on the effectiveness of coil irradiation system still remain unclear, which is of 
great importance when it comes to UVGI system design for different coils. 
Furthermore, both cooling coils and UVGI systems are in continuous 24/7 
operation in this study. In real world applications, many air-conditioning 
systems are not in continuous 24/7 operation. Will scheduled operation (e.g. 
shutdown overnight) affect biofouling accumulation? Does it affect the 
disinfection performance of coil irradiation systems? Is it necessary to keep 
UVGI systems in operation even when the air-conditioning systems are off? Or 
can the UVGI systems be switched off whenever the air-conditioning systems 
are off? How will all these affect the economic benefits of using coil irradiation 
systems in year-round hot and humid climates? Investigation of the above issues 
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Figure A.1: Overall UA at the reference condition with 1.5 m/s face velocity 








Figure A.2: Overall UA at the reference condition with 2 m/s face velocity 








Figure A.3: Overall UA at the reference condition with 3 m/s face velocity 








Figure A.4: Air-side UA at the reference condition with 1.5 m/s face velocity 






Figure A.5: Air-side UA at the reference condition with 2 m/s face velocity 







Figure A.6: Air-side UA at the reference condition with 3 m/s face velocity 





Figure A.7: Monthly variations of overall UA and air-side UA at the face 









Figure A.8: Monthly variations of overall UA and air-side UA at the face 









Figure A.9: Monthly variations of overall UA and air-side UA at the face 












Table A.1: Uncertainties of monthly overall UA and air-side UA at the face 






















0 0.124 0.369 0.106 0.369 0.083 0.369 
1 0.253 0.681 0.217 0.681 0.170 0.681 
2 0.225 0.472 0.197 0.472 0.158 0.472 
3 0.218 0.492 0.190 0.492 0.152 0.492 
4 0.222 0.492 0.194 0.492 0.155 0.492 
5 0.200 0.433 0.174 0.433 0.140 0.433 
6 0.219 0.686 0.189 0.686 0.149 0.686 
7 0.227 0.680 0.197 0.680 0.156 0.680 
8 0.216 0.475 0.188 0.475 0.151 0.475 
9 0.265 0.750 0.280 0.750 0.151 0.750 
10 0.188 0.396 0.164 0.396 0.133 0.396 
 




Before 0.88 14.85 1.34 
After 0.95 12.36 1.396 
1st after 0.98 13.36 1.324 
2nd after 0.95 12.77 1.405 
3rd after 0.97 13.24 1.383 
4th after 0.96 13.64 1.331 
5th after 0.99 13.1 1.351 
6th after 0.98 12.89 1.331 
7th after 0.97 12.34 1.36 
8th after 0.98 12.29 1.357 
9th after 0.95 13.72 1.277 









Before 0.85 0.6422 1.729 
After 0.85 0.6972 1.547 
 
Table A.4: Motor and drive efficiency model coefficients 
Coefficient number Motor efficiency, ic  Drive efficiency, id  
0 0.6577 0.88 
1 0.9864 0.225 
2 -1.0446 -0.125 
3 0.351 ‒ 
4 4.08 – 
 
Table A.5: Pump head and pump efficiency model coefficients 
Coefficient number Pump head, ia  Pump efficiency, ib  
0 0.025189026 0.147 
1 7.61344×10-7 0.000213307 
2 -2.38235×10-10 -1.77524×10-8 
 









0 1.0433811 0.5961915 1.6853121 
1 0.0407077 -0.0099496 -0.9993443 
2 0.0004506 0.0007888 0.3140322 
3 -0.0041514 0.0004506 ‒ 
4 -0.0000886 0.0004875 ‒ 
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